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FOREWORD 

One  of  the  principal  NASA  goals  is  the  establishment  of  large  spacebome  astronomical 
observatories.  Typical  of  the  telescopes  being  considered  for  these  observatories  is  a 3-meter 
(120-inch),  diffraction-limited  instrument,  which  can  observe  over  a wide  range  of  the 
electromagnetic  spectrum,  particularly  those  portions  not  visible  to  earthbound  telescopes. 
Such  a telescope  above  the  earth’s  obscuring  atmosphere  would  have  10  times  the  resolving 
power  of  the  200-inch  telescope  on  Mount  Palomar  operating  under  the  best  atmospheric 
conditions.  In  addition,  the  large  space  telescope  would  be  able  to  detect  stars  100  times 
fainter  than  the  faintest  stars  detectable  from  earth. 

An  instrument  exhibiting  such  a significant  increase  in  operating  performance  iias  a 
commensurate  increase  in  complexity.  Thus,  undertaking  the  design  and  development  of 
large  space  observatories  requires  the  consolidated  effort  of  both  scientific  and  engineering 
skills.  A prerequisite  to  a space  observatory  is  the  optical  telescope  technology  that  must  be 
accomplished  prior  to  the  initiation  of  the  actual  design.  Many  technological  developments 
will  be  required  to  improve  the  instrumentation;  for  example,  improved  gratings,  lightweight 
optical  mirrors,  improved  detectors,  electronic  imaging  systems,  and  ultraviolet  transparent 
materials,  to  name  but  a few. 

It  is  to  this  objective  that  the  Optical  Telescope  Technology  Workshop  (OTTW)  is 
addressed.  This  workshop  is  a joint  undertaking  by  the  OfHce  of  Advanced  Research  and 
Technology  and  the  Office  of  Space  Science  and  Applications  to  assess  the  present  state  of 
the  technology,  as  well  as  to  define  specific  technological  objectives  and  the  research  pro- 
grams required  to  meet  them.  We  plan  to  continue  this  OTTW  activity  to  update  the  work  at 
intervals  of  from  two  to  three  years. 

We  would  like  to  express  our  sincere  appreciation  to  the  participants  and  their  organi- 
zations for  making  this  first  meeting  so  successful. 


John  E.  Naugle 
Associate  Administrator, 
NASA,  Office  of  Space  Science  and  Applications 


Oran  W.  Nicks 
Acting  Associate  Administrator, 
NASA,  Office  of  Advanced  Research  and  Technology 
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Welcome  Address 

Wemher  von  Braun 

NASA  George  C.  Marshall  Space  Flight  Center 


I would  like  to  extend  a wholehearted  welcome  to  the  astronomers,  the  astrophysicists, 
and  the  astronomical  enpneers  who  have  convened  here  at  the  Marshall  Space  Flight  Center 
for  a three-day  workshop  on  the  problems  of  optical  telescope  technology.  Having  spent 
almost  three  years  in  the  project  management  of  the  Apollo  Telescope  Mount  Projecx,  which 
will  deploy  and  operate  several  solar  telescopes  in  orbit,  we  have  great  appreciation  and  deep 
respect  for  the  multitude  of  technical  and  uperationd  problems  v/ith  which  space  astron- 
omers are  confronted.  We  hope  that  your  symposium  will  be  successful  and  that  the 
environment  of  this  Center  will  be  stimulating  and  helpful  in  at  least  some  of  the  topic 
which  you  plan  to  discuss. 

The  Marshall  Center  has  been  known  for  a number  of  years  as  a place  where  large 
launch  vehicles  are  designed  and  built  The  latest  member  of  the  launch  vehicle  family, 
Saturn  V,  has  been  developed  to  launch  the  Apollo  capsule  on  its  flight  to  the  moon.  We 
expect  that  the  landing  on  the  limar  surface  by  two  astronauts  will  be  accomplished  in  July.* 

Although  the  design,  fabrication,  testing,  and  launching  of  vehicles  has  kept  the  mem- 
bers of  this  Center  extremely  busy  during  past  years,  and  although  the  ApoUo-carrying 
Saturn  V still  requires  a very  considerable  amount  of  attention  and  card,  we  have  always 
held  the  belief  that  Lunch  vehicles  alone  do  not  make  a full  space  program.  They  are  the 
means  to  accomplish  an  objective,  the  objective  being  the  exploration  of  a world  that  is  not 
fully  accessible  to  us  from  the  surface  of  the  earth.  One  of  the  most\  fascinating,  most 
exciting,  and  most  promising  new  fields  of  exploration  which  the  young  tec^ology  of  space 
flight  is  opening  for  us  is  astronomy  from  orbit,  where  we  can  face  the  universe  without 
having  to  look,  as  Fred  Whipple  put  it,  throu^  the  “dirty  basement  window”  of  the 
atmosphere.  We  are  very  happy  about  the  prospect  that  our  Center  will  be  able  to  con- 
tribute with  our  technology,  and  hopefully  with  our  science,  to  the  great  progress  that  space 
astronomy  will  undoubtedly  make  during  the  next  ten  or  twenty  years. 

The  Apollo  Telescope  Mount,  or  ATM-A  Project,  which  is  scheduled  for  launch  in 
1972,  is  giving  us  the  opportunity  of  learning  firsthand  about  the  many  technical  require- 
ments that  an  astronomical  satellite  must  meet  in  order  to  be  successful.  We  feel  that  we 
have  learned  much,  and  we  are  confident  that  ATM-A  will  be  a successful  project.  We 
realize,  however,  how  much  more  we  have  to  learn  in  order  to  ensure  success  for  the 
follow-on  program  in  space  astronomy,  which  includes  such  ambitious  projects  as  3-meter, 
diffraction-limited,  optical  telescopes.  For  the  space  engineer,  the  multitude  of  problems 
includes  the  production  of  lightwei^t,  high-predsion  mirrors;  the  alignment  of  complex 
optical  systems;  the  design  of  extremely  rigid  but  lightweight  •‘nictures;  achievement  of 
almost  perfect  thermal  balance;  attitude  control  and  pointing  siabihty  of  unprecedented 
accuracy;  and  the  handling  and  transmission  of  huge  quantities  of  data. 


*On  July  20, 1969  at  4:17  pjn.  EST,  Neil  A.  Anmtiongand  Edwin  E.  Aldrin,  Jr.,  successfully  landed  tlie 
Ea^  on  the  lunar  surface.  At  10:56  pjn.  EST,  Armstrong  became  the  first  man  to  set  foot  on  the  moon, 
liftoff  and  rendezvous  with  the  orbiting  command  module  was  accomplished  July  21 . 
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OmCAL  TELESrOPE  TECHNOLOGY 


A subject  of  very  particular  interest  to  us  is  the  role  of  man  in  space  astronomy. 
Should  the  astronauts  for  astronomical  satellites  include  astronomers,  or  engineers,  or  both? 
What  functions  should  they  carry  out  in  orbit?  Which  components  of  an  astronomy  payload 
system  should  be  exchangeable  in  orbit?  We  have  followed  with  great  satisfaction  and 
sincere  admiration  the  brilliant  success  of  the  Orbiting  Astronomical  Observatory,  OAO II. 
Experience  with  unmanned  satellites  of  this  kind  will  help  us  greatly  to  define  the  role  of 
man  in  future  space  astronomical  projects. 

The  three-day  workshop  on  optical  telescope  technology,  which  you  are  now 
attending,  will  cover  a huge  area  of  science  and  engineering.  The  expanse  of  this  area, 
reflected  in  the  very  rich  and  fascinating  program  of  presentations,  is  indicative  of  the  vast 
number  and  great  diversity  of  technical  problens  waiting  for  the  space  engineer.  We  at  the 
Geoige  C.  Marshall  Space  Fli^t  Center  are  most  eager  to  leam  of  the  conclusions  and 
requirements  resulting  from  this  workshop,  and  we  will  surely  put  them  to  good  use  in  the 
years  to  come. 

To  all  of  our  workshop  guests  who  have  come  to  Huntsville  for  these  three  days,  we 
wish  to  extend  our  heartfelt  welcome  and  our  sincerest  wishes  for  a successful  meeting. 


Introduction 


Jesse  L.  Mitchell 

NASA,  Office  of  Space  Science  and  Applications 


It  was  approximately  forty  years  ago  that  George  Ellery  Hale  proposed  to  build  the 
world’s  largest  optical  telescope.  Today,  after  twenty  years  of  operation,  the  200-inch  Hale 
telescope  on  Mount  Palomar  still  continues  to  expand  the  horizons  of  the  universe.  Over  ten 
years  ago,  Lyman  Spitzer,  Fred  Whipple,  Art  Code,  and  Jim  Kupperian  proposed  specific 
observing  programs  and  telescopes  that  became  the  basis  of  the  Orbiting  Astronomical 
Observatory  (OAO).  Today,  after  four  months  of  operation,  the  OAO-II  continues  each  day 
to  expand  the  horizons  of  our  universe  as  does  the  Hale  telescope. 

These  two  telescopes  represent  the  very  best  combination  of  science  and  technology. 
The  Hale  teleSvX)pe  was  and  is  a marvel  of  technology  utilized  for  science  — from  the  new  (in 
its  time)  gjass  pyrex  mirror  to  the  intricate  yet  simple  techniques  for  balancing  the  multi-ton 
structure  as  it  swings  through  its  entire  range  of  observing  angles.  The  OAO  required  the 
solution  of  a number  of  knotty  technical  problems.  Among  those  recognized  at  its  inception 
were:  (1)  the  stability  and  control  problem,  particularly  the  development  of  star  trackers, 
(2)  the  development  of  an  ultraviolet  TV  tube,  and  (3)  the  development  of  lightweight 
mirrors  of  up  to  one  meter  in  diameter. 

Today  you  are  here  to  participate  with  us  and  to  assist  us  in  our  long-range  planning 
efforts  on  spacebome  optical  telescopes  beyond  the  OAO  and  approaching  in  size  the 
Mount  Palomar  Hale  telescope.  We  hope  this  will  be  a rewarding  experience  for  each  of  you. 

To  begin,  we  plan  to  give  you  a preview  of  the  NASA  long-range  astronomy  plans  and 
programs.  In  turn,  we  solicit  your  assistance  in  detailing  the  technical  steps  necessary  to 
accomplish  these  plans;  later  we  hope  to  implement  them. 

The  first  step  in  this  workshop  will  be  to  look  at  astronomy  from  the  viewpoint  of 
astronomers.  We  will  identify  for  you  the  principal  goals,  objectives,  and  elements  of  the 
NASA  Astronomy  Program.  This  will  be  followed  by  more  detailed  discussion  of  the 
scientific  uses  of  space  telescopes. 

The  next  step  will  be  to  look  at  the  Astronomy  Program  from  the  viewpoint  of  the 
engineeis.  We  will  review  some  of  the  cturent  technical  status  of  systems  and  subsystems 
required  for  space  telescopes. 

Having  shared  together  this  broad  scientific  and  technical  bacltground,  we  are  then 
asking  you  to  participate  in  the  workshop  sessions  of  your  choice.  These  sessions  will  be 
devoted  to  in-depth  reviews  of  the  key  technical  areas,  such  as  mirrors  and  optical  materials; 
structures,  pointing,  and  stabilization;  instrumentation  operations  and  data  handling;  and 
calibration,  simulation,  and  test. 

As  a result  of  these  sessions,  we  hope  you  will  be  able  to  define  for  us  the  critical 
technical  problems  and  the  general  approach  to  these  problems. 

FinaUy,  we  are  seeking  yom  recommendations  on  the  priorities  for  working  these 
problems  and  for  specific  technology  programs  consistent  with  our  overall  astronomy  goals 
and  objectives. 

0^  the  basis  of  this  workshop  and  related  study  work,  we  plan  to  prepare  a report  to 
be  used  as  a guideline  in  developing  Optical  Astronomy  Technology  Programs  for  the  future. 
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As  we  proceed  into  these  programs,  both  our  scientific  objectives  and  the  state  of  the 
technology  will  be  continually  changing  as  we  make  new  discoveries.  Accordingly,  we  plan 
to  report  such  activity  to  update  the  plans  we  will  make  today. 

In  conclusion,  as  a barefoot  boy  in  Alabama,  I remember  reading  with  fascination 
everything  I could  find  about  the  then  proposed  200-inch  telescope.  Several  years  ago  I had 
the  privilege  of  a detailed  tour  of  this  marvel  of  science  and  technology.  I have  also  seen  the 
OAO  grow  from  an  idea  to  a reality  - a space  telescope  literally  suspended  from  the  heavens 
on  strings  of  starlight  fastened  to  it  by  the  star  trackers.  Having  seen  both  of  these  grow 
from  pictures  and  descriptions  in  my  mind’s  eye  to  working  pieces  of  machinery,  I look 
forward  to  repeating  that  experience  on  an  even  grander  scale  as  we  combine  oui  thoughts 
on  large  telescopes  and  space  telescopes  - first  to  imagine  and  then  to  build  large  space 
telescopes. 

You  have  been  invited  to  this  Optical  Technology  Workshop  to  take  part  in  that 
experience,  an  adventure  of  exploration  at  frontiers  of  our  expanding  universe.  With  your 
assistance  in  identifying  and  solving  the  technological  problems,  our  children  and  grand- 
children will  be  the  beneficiaries  of  the  exciting  discoveries  that  will  follow. 

On  behalf  of  Dr.  John  Naugle  and  NASA,  thank  you  for  coming  to  share  this  task  vdth 
us;  we  look  forward  to  the  final  results. 
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• My  iDle.is  to  give  a general  survey  of 
what  we  are  now  doing  in  astronomy  and 
what  we  plan  for  the  future.  The  speakers 
following  me  will  put  appreciably  more  flesh 
on  the  reasons  why  we  are  doing  some  of  this 
and  what  we  need  in  the  terms  of  technology 
to  accomplish  it.  The  more  detailed  work 
sessions  will  be  devoted  to  fine  grain  aspects 
of  the  technological  problems. 

Let  us  begin  our  overview  with  a defi- 
nition of  our  goal  and  a description  of  what 
we  are  planning  to  do  to  reach  that  goal.  In 
astronomy,  our  goal  is  to  understand  the 
origin  and  continuing  evolution  of  the  cosmic 
environment  by  observing  and  interpreting 
the  basic  physical  processes  in  our  solar  sys- 
tem, stars,  gdaxies,  and  the  universe.  We  have 
not  set  a very  big  task;  all  we  are  trying  to  do 
is  understand  everything  in  the  universe! 

To  do  this,  we  are  using  a program  with 
a three-pronged  thrust.  First,  we  are  going  to 
pursue  a very  broad-basod 'program  of  astro- 
nomical observations  in  space;  and  we  realize 
that  space  observations  are  not  useful  unless 
they  are  supplemented  with  observations 
from  the  ground.  Second,  we  want  to  empha- 
size the  research  in  thor>e  wavelengths  of  the 
electromagnetic  spectrum  which  do  not 
penetrate  the  earth’s  atmosphere  as  well  as 
research  that  uses  the  higher  resolution 
achievable  in  space.  In  other  words,  we  are 
not  trying  to  do  in  space  things  that  can  be 
done  from  the  ground  because,  when  they  can 
be  done  from  the..ground,  they  can  be  done 
more  cheaply  and  also  more  efficiently. 
Third,  we  want  to  develop  specialized  tele- 
scopes as  well  as  satellites  and  multiuser 
observatories  to  establish  versatile,  perma- 
nent, astronomical  observatories  in  space.  On 


the  ground  we  may  have  one  big  telescope, 
such  as  the  Hale  telescope,  but  there  are  many 
different  types  of  auxiliary  instruments  that 
can  be  placed  on  that  telescope  to  make  it 
useful  to  specific  problems.  We  not  only  have 
that  problem  in  space  but  also  have  a much 
broader  problem  in  that  we  are  dealing  not 
with  a wavelength  range  from  3000  angstroms 
to  perhaps  10,000  angstroms  but  with  a wave- 
length range  of  from  hundreds  of  megaelec- 
tron volts  (MeV)  in  the  gamma  ray  region  to 
kilometers  or  more  in  the  radio  region. 

What  are  we  trying  to  do  with  all  of 
these  observations?  A very  important  objec- 
tive is  to  look  for  surprises.  It  is  very  difficult 
to  “sell”  anyone  on  the  fact  that  we  are  look- 
ing for  surprises,  and  yet  the  whole  history  of 
science  in^cates  that  it  is  the  surprises,  the 
phenomena  that  cannot  be  predicted  ahead  of 
time,  which  provide  the  greatest  advances  in 
scientific  knowledge.  In  addition  to  this,  there 
are  other  objectives,  more  specific  things  we 
are  trying  to  do. 

1.  We  are  trying  to  study  the  energy 
distribution  of  celestial  objects  of  all  kinds, 
including  normal  stars  and  galaxies,  quasars, 
and  pulsars,  to  determine  the  spatial  and 
temporal  distribution  of  celestial  radiation 
sources  of  all  wavelengths. 

2.  We  wish  to  determine  the  funda- 
mental characteristics  of  interstellar  and  inter- 
galactic  matter  and  fields,  how  they  affect  the 
more  condensed  matter,  and  how  they  form 
into  and  out  of  the  more  condensed  matter. 

3 . We  want  to  develop  satisfactory 
models  of  the  structure  and  physics  of  both 
the  quiet  sun  and  the  processes  involved  in 
solar  activity  in  order  to  understand  it  and  its 
effects  on  the  earth’s  environment. 
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4.  We  want  to  study  the  important 
processes  occuring  on  planets  and  other  cool 
members  of  our  own  solar  system  through 
observations  from  the  vicinity  of  the  earth. 

1 do  not  think  I need  to  emphasize  the 
importance  of  these  endeavors  and  investiga- 
tions in  today’s  world. 

Let  us  look  at  some  of  the  programs  that 
we  are  actually  pursuing  to  reach  our  goal 
through  these  objectives.  The  first  of  the 
successful  astronomical  satellites  (fig.  1)  was 
the  Orbiting  Solar  Observatory  (OSO). 


Figure  1.  Orbiting  Solar  Observatory  ( OSO). 

Although  it  carried  experiments  outside  of 
the  traditional  areas  of  optical  astronom 
OSO  also  carried  a high  resolution  spectrom- 
eter for  the  ultraviolet  region,  from  a few 
hundred  angstroms  to  3000  angstroms.  It  also 
carried  parabolic  x-ray  collimators  in  which 
the  optical  techniques  of  focusing  telescopes 
have  been  applied  to  wavelengths  astronomers 
rarely  think  of  in  connection  with  optical 
astrononQT.  OSO  carried  in  its  wheel  section 
an  objective-grating  spectrometer,  which  has 
been  useful  for  getting  broad  energy  spectral 
distributions  of  a number  of  objects,  in- 
cluding the  Andromeda  Nebula. 

Next  in  our  program  is  the  Orbiting 
Astronomical  Observatory  (OAO),  figure  2. 
The  first  of  the  OAO's  contained  11  tele- 
scopes. Four  were  coupled  with  ultraviolet 
vidicons  to  obtain  maps  of  the  sky  in 
different  wavelengths  in  the  ultraviolet  so  that 
we  may  have  a chance  to  look  for  the 
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Figure  2.  Orbiting  Astronomical  Observatory  (OAO). 


surprises  and  for  major  features  in  the  ultra- 
violet that  need  further  investigations  and 
detailed  sources.  The  other  seven  telescopes, 
two  spectrometers  and  five  photometers,  were 
used  to  obtain  the  spectral  and  energy 
distributions  of  a number  of  discrete  objects. 

The  second  satellite  in  this  series, 
planned  for  launch  in  early  1970,  is  to  carry  a 
38-inch  telescope,  essentially  a standard 
Cassegrain  telescope  with  a grating  spectrom- 
eter for  moderate  resolution  spectra  of  a 
large  number  of  objects.  The  third  one  will 
carry  a 32-inch  telescope  with  a hig^  resolu- 
tion spectrometer  capable  of  giving  resolution 
up  to  a tenth  of  an  angstrom  in  the  ultra- 
violet. 

Likely  uses  of  the  next  OAO  would  be  a 
repeat  of  the  second  instrument  but  with  two 
very  important  additions.  One  would  be  an 
increase  in  the  possible  resolution  from 
approximately  two  angstroms,  which  is  the 
hipest  resolution  available  in  the  second 
satellite,  to  a resolution  of  perhaps  one-half 
an  angstrom.  Even  more  important  would  be 
the  addition  of  an  offset  guiding  system. 
There  are  a number  of  objects  we  vould  like 
to  look  at  which  a 36-inch  or  38-mch  tele- 
scope is  capable  of  observing  in  the  ultraviolet 
but  which  are  too  faint  in  the  normal  visible 
region  to  provide  an  adequate  signal  for 
guiding  the  telescope.  To  solve  this  problem, 
we  plan  to  do  exactly  what  astronomers  have 
done  on  the  ground  for  many  years;  i.e.,  we 
plan  to  add  an  offset  capability  that  will  guide 
on  a brighter  object  ind  still  point  our  midor 
instrument  to  the  faint  object  or  to  the 
nebulous  object  we  wish  to  study.  There  are  a 
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number  of  ideas  as  to  what  to  do  with  OAO 
beyond  that,  but  these  ideas  will  be  discussed 
by  other  speakers. 

Figure  3 is  a mockup  of  the  Apollo  Tele- 
scope Mount  (ATM)  in  the  solar  program.  The 
ATM  is  a collection  of  instruments  designed 
to  fly  with  an  early  workshop  in  the  Apollo 
Applications  Program  (AAP)  and  carrying  five 
instruments  for  studying  the  sun;  two 
parabolic  collimators  for  x-rays,  a high- 
resolution  ultraviolet  spectrometer,  a corona- 
graph,  and  a spectroheliograph  for  the 
ultraviolet.  These  are  major  instruments;  all 
illustrate,  as  does  the  OAO,  the  problems  that 
we  are  facing  in  current  technology  in 
astronomy,  e.g.,  accurate  surfaces  because  we 
are  dealing  with  short  wavelengths  and 
accurate  alignment  because  we  want  to  point 
the  instruments  and  hold  their  pointing 
precisely.  In  the  case  of  the  ATM,  we  are 
going  to  be  recovering  film,  'fhis  leads  us  to 
the  whole  question  of  the  use  of  the  films  in 
space  or  the  use  of  other  imaging  detectors  to 
get  the  same  information  without  having  film 
present. 


Figure  3.  Solar  ApoUo  Telescope  Mount  (ATM-A). 

We  have  talked  about  large  spacecraft 
such  as  the  OAO  and  ATM,  but  we  are  also 
interested  in  small,  specialized  spacecraft  for 
tasks  that  the  larger  ones  cannot  do  effi- 
ciently. Perhaps  the  best  examples  of  these 


specialized  spacecraft  are  the  sounding 
lockets,  which,  with  the  attitude  capability 
that  currently  exists,  are  very  productive  in 
both  stellar  and  solar  astronomy.  They  are 
used  for  studying  short-lived  phenomena,  for 
making  specialized  experiments,  and  for 
testing  instrumentation  and  techniques  that 
will  be  used  later  in  larger  satellites.  Their 
primary  advantage  is  the  fast  reaction  time 
they  can  provide. 

In  the  very  near  future,  we  are  con- 
sidering a class  of  Explorer  satellites  (fig.  4), 
which  we  call  the  Small  Astronomy  Satellites 
(SAS).  Althou^  they  have  been  developed 
primarily  for  high  energy  astronomy,  it  looks 
as  if  they  also  have  a use  in  the  optical  area. 
In  particular,  we  are  planning  that  the  fourth 
satellite  of  the  series  will  carry  a 16-inch  tele- 
scope feeding  a fairly  high  resolution  spec- 
trometer for  studies  of  planetary  atmospheres 
on  a synoptic  basis. 


Figure  4.  Small  Astronomy  Satellite  (SAS-A);  x-nty 
Explorer, 


Also  in  the  very  near  future  is  a program 
that,  to  some  extent,  is  going  on  now.  At  the 
Ames  Research  Center,  we  have  a Convair  990 
jet  aircraft  and  a small  Lear  jet,  both  of  wMch 
are  being  used  for  astronomical  observations 
above  the  major  part  of  the  earth’s  atmo- 
sphere. These  aircraft  are  particulariy  useful 
for  observations  in  the  infrared,  where  they 
are  able  to  gather  data  above  80  or  90  percent 
of  the  absorption  of  the  earth’s  atmosphere, 
for  dimlight  phenomena,  such  as  the  stud>'  of 
the  solar  corona  during  an  eclipse  (fig.  S),  and 
for  studies  of  the  zodiacal  light  and  air^ow. 
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Figure  5.  Solar  eclipse  observation  from  an  mrplane 


At  the  present  time,  we  are  flying  relatively 
small  instruments  (up  to  12  inches  in  aper- 
ture) on  these  planes,  but  we  have  recently  let 
a contract  for  the  development  and  construc- 
tion of  a 36-inch  telescope,  which  will  be  used 
for  both  solar  and  stellar  astronomy  in  the 
infrared  region  of  the  spectrum.  When  it  is 
completed,  we  will  actually  have  the  first 
large  manned  observatory  for  nonsolar 
problems  even  though  the  man  will  not  be 
operating  at  extremely  long  distances  from 
the  earth. 

Figure  6 is  an  artist’s  concept  of  how  a 
number  of  instruments  might  be  used  in 
connection  with  the  space  stations  in  the  mid 
1 970’s.  Before  we  reach  that  point,  however. 


Figure  6.  Artist’i  conception  of  use  of  instruments  in 
connection  with  space  shtthn. 


we  are  developing  a means  of  flying  other 
specialized  instrumentation.  Under  develop- 
ment at  the  Marshall  Space  Flight  Center  is  a 
small  stabilized  platform  that  will  carry  up  to 
three  relatively  small  telescopes  for 
specialized  studies  in  the  ultraviolet.  At 
present,  we  plan  an  objective-grating  spectro- 
photometer, wide-field  photographic  surveys 
where  we  can  use  film  to  get  appreciably 
higher  resolution  than  we  can  get  with  the 
vidicons  on  OAO,  and  a higher  resolution 
spectrometer,  very  similar  to  one  we  are 
flying  on  rockets,  which  we  feel  can  provide 
substantial  information  on  the  spectra  of  the 
brighter  stars  at  relatively  little  effort  and 
expense.  This  is  another  instance  of  how  we 
are  using  specialized  techniques  in  addition  to 
the  major  observatories. 

Astronomical  sources  other  than  the  sun 
are  far  away.  This  means  (l)they  are  faint 
(and  astronomers  are  always  intent  on 
collecting  every  photon  they  can  possibly 
collect)  and  (2)  they  are  angularly  small; 
hence,  resolution  is  a problem.  In  fact,  while 
we  do  not  usually  think  of  the  sun  as  being 
very  faint,  the  sanre  problems  also  apply  to 
the  sun.  To  obtain  small  detail  on  the  sun, 
which  v/6  must  have  to  understand  the 
physics  of  what  is  going  on,  we  need  high 
resolution;  we  still  have  problems  getting  an 
adequate  number  of  photons.  Figure  7 
illustrates  what  happens  when  we  look  at  a 
source  that  we  know  well,  the  Andromeda 
Nebula,  first  with  )^degree  resolution,  then 
with  1 arc  minute,  and  then  with  1 arc 
second.  If  this  is  a hundred  times  farther 
away,  we  are  looking  at  a distant  galaxy  first 
with  a resolution  of  a quarter  of  a minute, 
then  with  a resolution  of  a vquarter  of  a 
second,  and  finally  with  a resolution  of  a 
hundredth  of  a second.  One  hundred  times 
farther  than  the  Andromeda  Nebula  does  not 
take  us  very  far  in  the  distance  scale  of  the 
universe.  Therefore,  we  are  looking  for  ways 
of  increasing  the  resolution  and  the  photon 
count  for  future  instrumentation.  This  leads 
us  to  our  plans  for  the  large  space  telescopes. 

Figure  8 shows  how  we  might  get  to  the 
large  space  telescope  and  indicates  that  our 
plans  are  still  somewhat  vague  and  somewhat 
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Figure  7.  A gaUvcy  as  seen  at  four  values  of  angular  resolutiotL 


flexible.  Hopefully,  one  of  the  results  to  come 
out  of  this  workshop  will  be  some  hints  of  the 
more  promising  approaches.  We  are  planning 
the  ATM  today.  We  want  to  go  on  to  the 
intermediate-sized  telescope.  We  can  go  by 
one  of  two  ways,  and,  in  fact,  we  will 
probably  use  aspects  of  both  ways.  We  can  go 
through  the  ATM,  which  is  essentially  a 
manned  mission  making  full  use  of  man  and 
the  versatility  and  maintenance  that  he  can 


provide,  or  we  can  bypass  the  major  ex- 
periences of  man  and  rely  [vimarily  on  the 
techniques  developed  to  handle  the  auto- 
mated spacecraft.  In  either  case,  the  chances 
are  that  the  intermediate  spacecraft  will  make 
some  use  of  the  fact  that  man  can  work  in 
space  and,  at  the  same  time,  will  be  planned 
so  that  it  can  operate  in  an  automated  mode 
for  long  periods  of  time  without  requiring  the 
presence  of  man.  The  exact  way  to  do  this  is 
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Still  unclear.  We  want  to  end  up  finally  with 
the  very  large  space  telescope,  the  LST,  which 
is  going  to  be  part  of  the  National  Astro- 
nomical Space  Observatory  (NASO).  Do  we 
reach  this  objective  by  working  through  a 
diffiaction-Uniited  telescope  of  intermediate 
apertures,  such  as  the  60-inch  telescope,  or  is 
it  better  to  build  a 3-meter  telescope  and  not 
ask  for  diiTiactioiEfijiuted  perfonnance  on  the 
first  shot?  This  is  another  technological 
question  that  is  going  to  have  to  be  answered. 

The  solar  people  also  are  looking  for  the 
equivalent  of  the  large  space  telescopes.  In 
thtir  case,  they  are  looking  at  focal  lengths  of 
up  to  a hundred  feet  so  that  they  can  get  the 
very  hi^  resolutions  necessary  spectrJly  and 
spatially  for  measuring  the  sun  . They  also  are 
looking  for  intermediate  space  telescopes. 
They  give  their  requirements  more  on  the 
basis  of  resolution  t*ian  they  do  on  the  basis 
of  aperture.  At  thj  present  time,  they  are 


talking  about  the  5-arc-second  class;  for  the 
intermediate  instrument,  they  are  looking  for 
something  of  the  order  of  1 arc  second;  and 
for  the  large  telescope,  they  are  looking  for 
something  of  the  order  of  a 0.1-arc-second 
resolution. 

Figure  9 shows  a program  that  we  would 
like  to  follow  in  stellar  optical  astronomy;  we 
could  write  a similar  program  for  the  solar 
astronomers.  (I  say  “like”  because  I doubt 
very  much  that  we  will  have  the  resources  to 
follow  a program  this  full,  but  we  can  always 
dream.)  We  shall  continue  the  rocket  pro- 
grariL  There  is  no  indication  that,  as  we 
progress  to  larger  and  more  sophisticated 
instrumentation,  we  are  going  to  rely  less  on 
rockets  than  we  are  relying  t<^y.  We  want  to 
continue  the  Explorers,  both  the  Scout  class 
and  the  Delta  class,  for  the  specialized 
experiments  they  can  most  efficiently.  We 
feel  there  is  a continuing  need  for  OSdfs  and 
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I OAO’s  and  instrumentation  in  that  class.  Wc 
I shall  get  into  the  intermediate-sized  instni- 
£ ments  starting  in  the  1970’s.  We  start  now 

t working  for  the  Palomar  in  space  which, 

* ideally,  could  be  launched  as  early  as  the  early 
1980’s.  Finally,  at  the  same  time  we  are 
I continuing  with  the  airplane  observatory',  we 
I are  also  continuing  with  balloons.  All  of 
which  leads  us  to  Hgure  10,  an  artist’s 
I conception  of  what  NASO  mi^t  look  like 
> with  the  3-meter  optical  telescope,  a 1 -meter 
aperture  parabolic  x-ray  collimator,  perhaps  a 
i solar  telescope  similar  to  ATM,  and  various 
oAer  instruments,  all  working  in  coiyunction 
I*  with  a space  station  designed  entirely  to 
support  astronomical  experiments. 

I 1 tliink  this  brief  overview  shows  that 

I there  are  technological  problems  to  be  solved 
f but  also  exciting  opportunitites  ahead  in 
space  astronomy. 


Figure  JOl  Artist’s  conceptkm  of  Nationel  Astny 
nomicd  Space  Observatory  (NASO). 
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Observational  astronomy  consists  solely 
of  systematic  measurements  of  the  radiation 
received  from  celestial  objects  and  carrying 
out  these  measurements  in  a meaningful  way. 
The  astronomer  can  measure  the  direction  of 
propagation,  the  intensity,  the  spectral  distri- 
bution, and  the  state  of  polarization  of  this 
radiation  as  a function  of  time.  In  this  paper, 
1 shall  confine  my  remarks  to  the  measure- 
ment of  the  intensity,  spectral  distribution, 
and  polarization  in  the  opti.:a)  and  vacuum 
ultraviolet  region  of  the  spectrum. 

All  early  missions  have  been  devoted  to 
measurements  in  the  ultraviolet  where  the  ter- 
restrial atmosphere  is  opaque.  Hie  term 
“moderate-resolution”  shaii  be  taken  to  mean 
measurements  with  spectral  bandpasses 
greater  than  a few  angstroms.  First,  I shall 
describe  briefly  the  radiation  characteristics 
of  celestial  objects  in  this  spectral  regbn,  then 
indicate  the  nature  of  the  photometric 
measurements  currently  being  carried  out  on 
OAO-II.  On  the  basts  of  this  limited  practical 
experience  in  space  astronomy,  1 shaU  at- 
tempt to  indicate  the  kinds  of  scientific  pro- 
gram that  appear  to  be  uidicated  for  future 
observations  and  to  highli^t  some  of  those 
{voblem  areas  requiring  attention. 

The  sources  of  radiation  include  planets, 
stars,  gaseous  nebulae,  clusters,  x-ray  stars, 
galaxies,  and  quasars  as  well  as  the  general  sky 
background  against  which  these  signals  are  to 
be  measured.  Measurements  in  the  ultraviolet 
have  been  carried  out  for  all  classes  of  objects 
with  OAO-11  and  we  now  have  some  reason- 
able assessment  of  the  general  flux  levels  pres- 
ent A star  of  zero  ma^tude  corresponds  to 
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a flux  of  3.^\  kT*  erg' cm"*  sec'*  A"‘  at  ihe 
effective  wavelengtn  of  the  visual  fiilter  band- 
pass near  SSOO  angstroms.  Table  1 sum- 
marizes the  approximate  stellar  fluxes  for 
stars  of  diverse  types. 

The  actual  fluxes  vary  from  these 
numbers,  depending  upon  bandwidth  and 
upon  atmospheric  and  abundance  parameters 
of  the  specific  stars,  but  the  numbers  do  pro- 
vide a basis  for  estimating  sensitivity  require- 
ments and  can  be  considerably  modified  by 
interstellar  absorption.  We  can  anticipate  ex- 
tension of  measurements  to  objects  as  faint  as 
25th  magnitude,  a factor  of  10*  ® fainter  than 
the  fluxes  in  taUe  1.  Planets  have  a spectral 
distribution  similar  to  the  sun  and  fall  be- 
tween the  last  two  entries  in  the  table. 

Tabkl.  Summary  of  Approximate  Stellar  Fbotes*  for 
Stars  o f Diverse  Types 


Star  Type 

X-2000A 

X«1500A 

BOV 

ixicr’ 

2xl0‘* 

B5V 

3xl0-* 

5xi<r* 

1 

AOV 

lxl(T* 

f xKT* 

A5  V 

4x  icr* 

IxKT* 

FOV 

2xicr* 

5xl0’* 

i 

in  1 

2x  l(T‘® 

2xl(T“ 

“'l  A?',  lec'  A*' 

CO...  riw.,  at  V * 0 Md  X • 5500  A, 
FX-3Jxl0r^  «gcm"*  A"* 


13 


I 


REPRODUCIBILITY  OF  THE  ORIGINAL  PAGE  IS  POOR. 


OPTICAL  TELESCOPE  TECHNOLOGY 


14 

Gaseous  nebulae  represent  a surface  bright- 
ness measurement  and  will  have  fluxes  of  the 
order  of  1 percent  of  the  exciting  star  radi- 
ation integrated  over  their  main  body. 

The  brightest  x-ray  stars,  integrated 
globular  cluster  measurements,  galaxies,  and 
quasars  are  of  the  order  of  12th  magnitude 
and  fall  near  the  lower  limit  for  the  OAO-II 
photometers.  Sources  such  as  the  brightest 
x-ray  stars,  galaxies,  and  quasars  correspond 
to  aporoxinjatejy  2x  1(T‘^  ere  cm"^  see"* 
A~*  at  20901^l^(|^s<0^p^  Ipasurements 
Carrie!®  Oht  ^th  a fopal  jlan^aperture  of 
10  minutes  of  arc  in  diameter  yield  a signal- 
to-noise  ratio  of  about  25  for  a 1-minute 
exposure  with  a contribution  from  the  sky 
background  of  the  same  order  -is  the  object. 
An  80-inch-diameter  telescope  with  a 
1-second-of-arc  diaphragm  could  carry  out 
rimilar  measurements  on  a 25th  magnitude 
object  with  a 45-minute  exposure  with  instru- 
ments of  the  same  efficiency  as  those  on 
OAO-II. 

The  sky  background  consists  of  residual 
airglow  (Lyman  a),  zodiacal  light,  integrated 
starlight,  diffuse  galactic  light,  and  extra- 
galactic  light  components.  At  2000  ang- 
stroms, the  darkest  sky  regions  are  measured 
to  be  10"*  ’ erg  cm"^  sec”*  FT*  ster~* . Table  2 
summarizes  the  sky  brightness. 


Table  2.  Summary  of  Sky  Brightness  * 


___ 

Galactic  Equator 

Galactic  Pole 

5500  A 

8xl(T* 

2.5  xKT* 

2500  A 

2xl(T'' 

3.5  X 1(T* 

2000  A 

5 X lOr’ 

4xl(T* 

La  (max) 

4 X lor*  1 

erg  sec"*  cm"*  stei"* 

La  (min) 

6x1(H  ’ 

AX  *0.02  A 

•erg  cm"*  sec'*  A“‘  ster"* 


The  Lyman  a radiation  is  greater  than 
the  energy  contained  in  1000  angstroms  of 


sky  continuum  in  near-earth  orbit  conditions. 

An  account  of  the  operation  of  OAO-II 
and  some  of  the  scientific  investigations  being 
earned  out  has  been  presented  by  the  author 
in  the  Publications  of  the  Astronomical 
Society  of  the  Pacific  (Vol.  81,  p.  475).  Ex- 
perience with  the  OAO  has  suggested  certain 
features  for  consideration  for  future  measure- 
ments. In  the  near  future,  we  would  like  to 
obtain  measurements  of  fluxes  to  an  absolute 
accuracy  of  the  order  of  5 percent  or  better 
and  relative  photometry  to  2 percent  or 
better  on  objects  down  to  the  20th  magni- 
tude. This  suggests  offset  guidance  capabilities 
to  20th  magnitude  with  1-second-of-arc  fields 
and  0. 1-second-of-arc  guidance.  Polarization 
measurement  should  be  considered  with  an 
accuracy  of  the  order  of  a few  tenths  of  a 
percent.  Large  dynamic  range  approximately 
10*  and  hi^  time-resolution  approxi- 
mately 10  milliseconds  are  suggested  for  some 
problems;  long  exposure  times  of  the  order  of 
many  hours  are  indicated  for  other  problems. 

Some  of  the  problem  areas  and  techno- 
logical advances  invested  by  OAO  experience 
are; 

1 . Studies  of  effective  light  baffles  for 
operation  in  sunlight 

2.  Considerations  for  minimizing  the 
effects  of  the  radiation  belts,  in  particular  the 
South  Atlantic  Anomaly  for  near-earth  opera- 
tion 

3.  Absolute  calibration  techniques  for 
wavelengths  shortward  of  2000  angstroms 

4.  Techniques  to  evaluate  scattered 
light,  instruments  profiles,  and  system  cali- 
bration and  response  in  flight 

5.  Improved  mirror  reflectivities,  de- 
tector senativities,  reUable  long-life  image 
tubes  for  photometric  purposes,  and  efficient 
polarimeters  shortward  of  2000  angstroms. 

Looking  somewhat  further  into  the 
future,  astronomers  anticipate  a large  orbiting 
observatory  capable  of  near  diffraction- 
limited  performance  of  a telescope  of  the 
order  of  a 3-meter  aperture.  The  exciting  and 
unique  contributions  that  such  an  instrument 
can  make  to  astronomy  are  in  the  area  of 
extragSactic  research.  Photometry  down  to 
29th  magnitude  should  be  possible,  primarily 
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because  of  the  high  spatial  resolution.  (A  Astronomers  want  to  learn  much  more 

detailed  discussion  of  the  technical  require-  about  the  nature  of  the  physical  universe.  We 

ments  and  scientific  use  of  such  a large  need  the  help  of  many  imaginative  and  tal- 

orbiting-telescope  system  has  recently  been  ented  engineers  and  scientists  to  exploit  fully 

published  by  the  National  Academy  of  the  opportunities  available  so  that  we  can 

Sciences  and  is  entitled  Scientific  Uses  of  the  share  the  excitement  of  exploring  the 

Large  Space  Telescope.)  universe. 
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Perhaps  the  best  reason  for  my  speaking 
today  is  simply  to  assure  you  thJt  within 
NASA  there  are  astronomer-astronauts  who 
are  anxiously  awaiting  the  space  telescopes 
whose  technology  you  will  be  discussing 
during  this  workshop.  As  astronomers,  we  are 
interested  in  all  lypes  of  ^ace  telescopes, 
both  manned  and  unmanned.  As  astronauts, 
we  are  particularly  interested  in  manned  tele- 
scopes and  are  firmly  convinced  that  astro- 
nauts can  and  will  play  an  important  part  in 
the  development  and  use  of  large  space 
telescopes  in  the  one-  to  three-meter  aperture 
range. 

During  most  of  my  career,  I have  been  a 
“survey”  type  of  astronomer;  consequently,  I 
have  been  a^ed  to  discuss  the  role  of  surveys 
in  space  astronomy,  which  I feel  is  funda- 
mentally the  same  as  in  other  fields  of 
astronomy.  1 will  start  by  reviewing  the 
genera]  role  of  surveys  in  astronomy. 

Let  us  consider  the  purposes  of  astro- 
nomical surveys.  I would  list  four;  (l)to 
provide  reference  data  on  the  physical  state 
and  environment  of  randomly  selected  stars 
and  nebulae  that  may  from  time  to  time 
become  of  special  interest  to  contemporary 
astronomers,  (2)  to  provide  an  historical 
record  of  the  changing  cosmos,  (3)  to  provide 
source  data  for  statistical  studies,  and  (4)  to 
search  for  unusual  stars  and  unexpected 
phenomena. 

Reference  Data  on  Stars  and  Nebulae 


way  over  the  whole  sky  or  a significant  frac- 
tion of  it  The  Falomar  Sky  Atlas  best  illus- 
trates  this  purpose.  Almost  every 
observational  astronomer  in  the  world  has  at 
numerous  times  referred  to  the  Palomar  Sky 
Atlas  in  order  to  have  a better  understanding 
of  the  nature  of  the  stars  in  which  he  has  a 
special  interest.  This  survey  has  been  espe- 
cially important  in  making  optical  wavelength 
identifications  of  objects  discovered  in  other 
wavelength  regions.  Prominent  examples 
include  the  quasars  and  other  radio  sources. 
X-ray  sources,  and  infrared  stars.  Even  when 
optical  identifications  are  obWous,  the  envi- 
ronmental data  supplied  by  the  Atlas  are 
invaluable.  Do  certain  types  of  radio  sources 
concentrate  in  clusters  of  galaxies?  Are 
pulsars  generally  involved  in  gaseous 
nebulosity?  Are  there  faint  blue  stars  at  higli 
galactic  latitudes?  Do  S stars  concentrate  in 
obscured  regions  of  the  Milky  Way?  Data  con- 
cmiing  such  questions  are  quickly  available 
when  an  astronomer  has  a list  of  objects  that 
may  be  located  and  examined  on  the  Palomar 
Atlas.  Without  this  survey  data  at  hand, 
months  of  special  observing  time  mi^t  be 
required  to  give  the  required  statistical  data. 
In  the  case  of  data  that  must  be  obtained, 
from  space  vehicles,  the  average  astronomer 
may  never  have  the  opportunity  to  gather 
such  data  on  stars  of  particular  interest  to  him 
unless  thorough  and  hi^  quality  surveys  are 
made  in  the  wavelength  regions  that  can  be 
reb  .hed  only  from  space. 


The  first  purpose  is  perhaps  the  most 
fundamental.  We  refer  to  a definitive  set  of 
observations  in  a well-defined  wavelength 
band  gathered  in  an  efficient  and  uniform 


Historical  Record  of  Changing  Cosmos 

The  second  purpose  of  astronomical  sur- 
veys is  similar  to  the  first  except  that  we 
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expect  the  data  to  be  of  use  to  future  genera- 
tions as  an  historical  record  of  changing 
phenomena.  In  many  ways,  astronomy  is  a 
science  still  in  its  infancy;  it  is  impossible  to 
predict  which  of  the  millions  of  faint  stars  or 
galaxies  will  be  of  overriding  importance  to 
astronomers  of  future  generations.  The  recent 
discoveries  of  quasars  and  pulsars  illustrate 
the  unpredictable  turns  that  astronomical  and 
astrophysical  interest  may  take.  Accordingly, 
it  would  seem  that,  when  entering  the  new 
field  of  space  astronomy,  one  of  our  basic 
concerns  should  be  to  provide  a fundamental 
observational  record,  which  will  be  of  value  to 
future  astronomers  in  tracing  the  history  of 
objects  that  may  become  of  special  interest. 

Source  Data  for  Statistical  Studies 

Surveys  are  the  prime  source  of  data  for 
statistical  studies  in  astronomy.  Many  of  the 
basic  statistical  conclusions,  upon  which  our 
understanding  of  the  composition  and  struc- 
ture of  the  Milky  Way  Galaxy  is  based,  have 
been  derived  from  the  Henry  Diaper  survey. 
The  fundamental  observational  verification  of 
current  theories  of  stellar  evolution  rests 
largely  upon  survey-based  statistical  data  that 
give  the  galactic  distribution  of  stars,  nebulas, 
and  star  clusters  or  that  give  the  frequency 
distribution  of  various  types  of  stars,  both 
normal  and  peculiar,  according  to  spectral 
type  and  luminosity. 

Statistical  applications  of  data  point  up 
the  Inqiortance  of  broad  coverage,  unifor- 
mity, and  avoidance  of  selection  processes  in 
the  conduct  of  surveys.  Unfortunately,  very 
few  earth-based  surveys  have  satisfied  these 
three  requirements  in  the  degree  that  might 
be  deseed.  As  a result,  the  most  troublesome 
problems  in  stellar  statistics  are  those  which 
arise  when  we  must  extrapolate  statistics 
acquired  in  a small  region  of  the  sky  over  the 
whole  sky,  when  we  must  compare  and  inte- 
grate data  taken  from  piecemeal  surveys 
covering  small  areas  of  the  sky,  or  when  we 
trust  make  allowances  for  selection  effects  in 
data  collected  on  a sta^by-star  basis.  It  is  to 
be  hoped  that  surveys  in  ultraviolet  and  X-ray 
wavelengths  will  continued  until  their 


quality  and  extent  will  assure  little  trouble 
from  these  problems. 


Probably  the  most  exciting  part  of  being 
a survey  astronomer  is  the  possibility,  with 
each  new  plate,  of  discovering  unique  stars  or 
completely  unexpected  phenomena.  J^ee 
such  examplelb  t^  ^opvety  ^4^ 

Henry  Draper  survey  plated*  the  discovery  of  * 
T Tanis  stars  and  symbiotic  stars  on  Mount 
Wilson  Ha  survey  plates,  and  the  discovery  of 
quasars  and  pulsars  as  the  result  of  radio  sur- 
vey work.  In  each  instance,  the  important 
point  is  that  these  oojects  were  not  predicted 
in  any  way  by  theoretical  considerations  but 
came  to  light  only  as  the  byproduct  of  sys- 
tematic survey  data  collection. 

It  is  frequently  said  that  stellar  survey 
work  in  ultraviolet  wavelengths  is  pointless 
because  we  should  be  able  to  predict  the 
ultraviolet  character  of  stars  from  their 
knowii  optical  characteristics.  That  such  state- 
ments  are  widely  accepted  is  somewhat 
puzzling  inasmuch  as  they  imply  that  all  stars 
are  “normal”  or  at  least  “understood”  stars 
and  that  we  know  all  the  physical  processes 
which  may  take  place  in  stellar  atmospheres 
and  in  the  interstellar  medium.  The  fallacy  of 
these  assumptions  is  demonstrated  by  the  fact 
that  early  ultraviolet  observations  have  re- 
vealed many  unexpected  results;  for  example, 
the  discovery  by  Morton  of  P Cygni  type  of 
emission  lines  in  ultraviolet  spectra  of 
“normal"  supeigiant  stars.  Even  though  we 
may  grant  that  99  percent  of  the  stars  may  be 
normal  and  predictable,  it  is  the  remaining 
1 percent  that  holds  the  greatest  astrophysical 
interest  and  significance.  Without  survey  work 
and  its  quick-but-fiiorough  look  at  tens  of 
thousands  of  stars  in  ultraviolet  wavelengths, 
it  is  possible  that  large  space  telescopes  may 
overlook  for  years  the  stars  that  may  be  of 
greatest  interest  in  ultraviolet  wavelengths. 


In  addition  to  the  purposes  of  astro- 
nomical surveys,  we  should  consider  the 
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Observing  Techniques  for  Surveys 
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Figure  1.  Enlarged  portion  of  objective-prim  pkte  taken  in  the  Michigan  ■ Mount  Wilson  Southern  Ha 
Survey.  The  soectral  region  extends  from  Ha  at  the  bottom  to  H&  at  the  top.  Taken  on  Kodak  103a-E 
emulsion  with  yellow  plexiglass  filter.  The  field  center  is  RA  13^50 Dec-670  (1900).  Disper- 


sion at  Ha  on  the  original  plate  is  450  Almm. 
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observing  techniques  used.  The  most  familiar 
type  of  survey  is  probably  the  spectroscopic 
survey  performed  either  with  an  objective 
grating  or  an  objective  prism.  This  technique 
allows  rapid  classification  of  stars  according 
to  their  grosser  physical  parameters  and  struc- 
tural peculiarities.  Low-  to  moderate- 
dispersion  spectra  of  hundreds  of  stats  may  be 
obtained  in  a single  exposure  with  a wide 
angle  camera.  The  wealth  of  data  on  such  an 
exposure  is  illustrated  in  figure  1,  an  enlarged 
portion  of  a plate  taken  in  the  Michigan 
Mount  Wilson  Southern  Ha  Survey.  In  this 
instance,  red  spectra  were  obtained  to  search 
for  stars  and  nebulae  showing  H*alpha  emia- 


sion;  but  it  is  evident  that  the  plates  also 
contain  much  useful  data  on  the  yellow-red 
spectra  of  all  types  of  stars,  particularly  the 
red  stars,  which  appeal  much  more  conspic- 
uously on  these  plates  than  they  appear  on 
normal  blue  photographs.  A much  better 
known  objective-prism  survey  is  the  Henry 
Draper  survey  of  stellar  spectra;  this  covered 
the  entire  sky  in  the  blue-violet  wavelength 
region  and  resulted  in  the  publication  of  the 
spectral  classification  of  approximately 
300,000  stars. 

Another  type  of  survey  is  the  direct- 
imaging  survey,  which  is  best  exemplified  by 
the  Paloniar  Sky  Atlas.  F^uie  2 is  a portion 
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Figure  2.  A portion  of  a Pahmar  Sky  Atlas  plate 
showing  NGC 2264.  Photographed  in  red  light. 


of  a Sky  Atlas  plate,  showing  a complex  rela* 
tionship  between  a star  cluster  and  sur* 
rounding  clouds  of  interstellar  dust  and  gas. 
These  relationships  are  graphically  portrayed 
and  are  immediately  obvious  by  casual  visual 
inspection  of  these  wide>angle  survey  plates  in 
a way  that  could  not  be  duplicated  by  any 
current  system  of  star-by-star  measurement. 
These  plates  are  “loaded,”  not  only  with 
simple  data  on  stellar  magnitudes  and  posi- 
tions but  also  with  idea-provoking  informa- 
tion on  stellar  distributions  and  environments. 
This  is  one  of  the  basic  values  of  astronomical 
surveys. 

Up  to  the  present  time,  astronomical  sur^ 
veys  have  been  conducted  mainly  by  photog- 
raphy. In  ultraviolet  wavelengths,  however, 
where  we  must  rely  on  space  observations,  the 
difficulty  of  recovering  film  has  led  to  the  use 
of  electronic  detectors  whose  output  may  be 
telemetered  to  ground  stations.  Thus,  most  of 
the  early  measurements  of  the  ultraviolet 
magnitude  of  stars  were  made  by  photometers 


using  the  spin  of  rockets  to  scan  large  areas  of 
the  sky.  A more  recent  example  of  measure- 
ment is  the  Celescope  ftoject  of  the 
Smithsonian  Astrophysical  Observatory, 
which  has  made  use  of  a TV  type  of  detector 
to  record  ultraviolet  color  data  in  four  wave- 
length bands.  It  must  be  noted,  however,  that 
the  large  area,  high  resolution,  and  moderate 
photometric  accuracy  of  the  photographic 
emulsion  give  it  an  information  acquisition 
rate  not  yet  duplicated  by  any  one  electronic 
detector.  Even  thou^  electronic  detectors 
have  made  significant  advances  in  the  past  few 
years,  I would  nevertheless  predict  that  for 
survey  purposes  the  photographic  emulsion 
will  remain  the  most  efficient  detector  in  the 
foreseeable  future.  Therefore,  in  manned  tele- 
scopes vriiere  film  may  be  resupplied  and 
recovered,  we  should  not  be  surprised  to  find 
that  photography  will  continue  to  be  a 
popular  recording  technique. 

Surveys  in  Ultraviolet  Wavelengths 

Let  us  now  consider  the  status  of  surveys 
in  ultraviolet  wavelengths.  The  most  extensive 
ultraviolet  survey  up  to  now  is  the  Celescope 
Project  now  in  operation  on  the  Orbiting 
Astronamical  Observatory,  OAO-A2.  This  is  a 
direct-imaging  survey  employing  a TV  type  of 
detector  that  records  a 9-degree-square  degree 
field  on  each  exposure.  It  covers  four  wave- 
length regions  in  the  ultraviolet  and  reaches 
early  B type  of  stars  down  to  a visual  magni- 
tude subtly  fainter  than  9.0.  Other  ultra- 
violet surveys  include  those  by  early  workers 
(such  as  Byrum,  Chubb,  Friedman,  Boggess, 
Milligan,  Stecher,  Smith,  Bless,  and  others)  in 
which  electronic  sensors  were  scanned  over 
large  areas  of  the  sky  by  spinning  rockets. 
These  scans  have  provided  ultraviolet  magni- 
tudes in  several  wavelength  regions  extending 
down  to  early  B type  of  stars  with  visual 
magnitudes  of  fifth  magnitude  or  brighter. 

Photographic  objective-prism  or 
objective-grating  spectroscopic  observations 
have  been  conducted  by  Boggess,  Morton, 
Carruthers,  Smith,  and  Henize.  Thus  far,  these 
have  been  limited  to  only  a few  fields, 
generally  concentrated  in  the  Orion,  Scorpius, 
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Vela,  and  Cassiopeia  regions  of  the  Milky 
Way;  they  cover  such  a small  fraction  of  the 
sky  that  they  can  be  considered  only  as  the 
precursers  to  true  surveys.  Only  a relatively 
few  of  the  brighter  stars  (approximately  1 5) 
have  been  observed  so  far.  Many  more  ultra- 
violet spectra  have  been  obtained  by  the 
spectrometer  of  the  Wisconsin  Experiment 
Package  of  the  OAO,  but,  since  these  are 
obtained  on  a star-by-star  basis,  they  may  be 
considered  “survey”  data  only  in  the  broadest 
sense  of  the  word. 

It  is  clear  tliat  ultraviolet  survey  work  is 
still  in  its  infancy.  It  seems  advisable  to  press 
for  continuing  surveys  to  insure  that  all  as- 
tronomers will  have  easy  access  to  ultraviolet 
color  data  and  that  the  best  use  will  be  made 
of  the  large  space  telescopes  of  the  future.  It 
would  not  be  unreasonable  to  plan  a spectmm 
survey  of  the  Milky  Way  band  to  reach  BO 
stars  of  9th  visual  magnitude  and  a comple- 
mentary direct-imaging  survey  of  the  entire 
sky  in  at  least  two  wavelength  bands  short- 
ward  of  3000  angstroms  and  reaching  blue 
stars  and  galaxies  down  to  at  least  1 8th  visual 
magnitude. 

Technological  Problems  in  Surveys 

The  following  technological  problems 

will  be  connected  with  these  surveys: 

1.  Development  of  large-aperture, 
wide-angle,  ultraviolet  optical  systems 

2.  Development  of  efficient,  ultra- 
violet, long-wave,  cutoff  filters 

3.  Development  of  large  objective 
gratings  suitable  for  ultraviolet  spectroscopy 

4.  Improvement  of  ultraviolet  detec- 
tors 

5.  Achievement  of  adequate  stabiliza- 
tion 

6.  Development  of  high-speed-film 
measurement  and  data-reduction  methods. 

The  development  of  wide-angle  ultra- 
violet optical  systems  has  evolved  rapidly 
during  the  past  few  years,  and  it  appears  that 
adequate  solutions  to  the  problem  now  exist. 
Although  the  classical  Schmidt  telescope  has 
provided  the  best  wide-angle  optical  system 
for  visual  wavelengths  and  was  used  (with  CaF 


and  LiF  correcting  plates)  in  some  early  ultra- 
violet objective-grating  spectroscopy,  two 
defects  make  it  less  than  ideal  for  ultraviolet 
work.  First,  the  use  of  a transmitting  cor^ 
recting  plate  restricts  the  wavelength  range 
that  can  be  reached  and  limits  the  aperture 
that  can  be  attained  because  of  the  limited 
s’zes  in  which  ultraviolet  transmitting  crystals 
are  available.  Second,  the  transmitting 
materials  available  have  such  rapidly  varying 
indices  of  refraction  in  the  wavelength  regions 
of  interest  that  chromatic  aberration  restricts 
the  wavelength  region  in  sharp  focus  to  a few 
hundred  angstroms  for  focd  lengths  of  SO 
centimeters  or  more.  It  is  evident  that  the 
ideal  ultraviolet  optical  system  must  have  all- 
reflecting  optics. 

The  first  wide-angle,  all-reflecting, 
ultraviolet,  optical  system  extensively  utilized 
was  the  “microscope-objective”  system 
developed  for  astronomers  at  the  Goddard 
Space  Flight  Center  and  Princeton  University 
by  Kollsman  Instrument  Corporation.  This 
system  operates  at  f/2  and  has  a 2-inch 
aperture,  12-degree  field  diameter  and  a 
20-arc-second  image  diameter.  For  large 
survey  telescopes,  however,  this  instrument 
has  the  disadvantage  of  having  too  low  an 
angular  resolution  (1-arc-second  image 
diameters  are  desired)  and  a bulky  mirror 
system  much  larger  than  the  effective 
aperture. 

A second  solution  that  may  be  con- 
sidered is  the  Ritchey-Chretien  optical 
system.  A modified  Ritchey-Chretien  system 
has  been  employed  by  Henize  to  construct  a 
64nch-aperture,  objective-prism  telescope  for 
use  on  the  Apollo  Application  Program 
Orbiting  Workshop.  Operating  at  f/3,  this 
instrument  has  a S-degree  field  diameter  with 
image  diameters  of  about  IS  arc  seconds. 
Although  this  instrument  is  extremely 
compact  - a distinct  advantage  in  manned 
spacecraft  in  which  experiment  volumes  may 
be  critical  - it,  too,  suffers  from  insufficient 
angular  resolution  to  be  used  as  a design  for 
larger  survey  telescopes. 

Two  all-reflecting  optical  designs 
recently  developed  appear  to  give  both  the 
angular  resolution  and  the  field  diameter 
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required  for  ultraviolet  survey  work.  The  first, 
developed  by  Meinel  and  Tifft  at  the 
University  of  Arizona,  uses  three  mirrors  to 
provide  a flat  field  5 degrees  in  diameter  with 
angular  aberrations  of  5 arc  seconds  or  less. 
This  optical  system  is  illustrated  in  figure  3. 
The  designers  state  that  large  aperture 
versions  of  this  system  can  achieve  image 
diameters  in  the  range  of  1 arc  second  or 
better. 


Figure  3.  Optical  arrangement  of  the  Arizona 
wide-field,  aihrefiecting  telescope. 


The  second  design  is  the  all'reflecting 
Schmidt  telescope,  developed  by  Lewis  C. 
Epstein  of  Chryder  Corporation.  In  this 
system,  the  conventional  transmitting  co^ 
reefing  plate  of  the  classical  Schmidt  tele* 
scope  is  replaced  by  a reflecting  element. 
Even  though  must  pass  tlmu^  the 
reflecting  corrector  element  in  an  off*axis 
manner,  the  resulting  aberrations  are  small.  A 
6-inch*aperture  prototype  has  been  cen* 
structed  and  yields  image  diameters  less  thai. 
4 arc  seconds  in  diameter  over  a 10*degree 
field  (fig.  4).  Ray  tracing  analysis  indicates 
that  the  aberration-lintited  image  diameter 
over  this  field  is  less  than  1 arc  second.  Such  a 


telescope  with  a 1 -meter  aperture  and  an  f/3 
focal  ratio  should  be  ideal  for  a direct- 
imaging  survey  of  the  entire  sky.  If  a suitable 
grating  were  to  be  ruled  on  the  correcting 
mirror,  this  system  would  also  serve  as  an 
extremely  efficient  two-mirror,  objective- 
grating spectrograph.  Current  grating  tech- 
nology makes  it  unlikely,  however,  that 
apertures  in  excess  of  12  inches  should  be 
considered  for  such  a system  in  the  near 
future.  Therefoie,  I would  conclude  that  the 
problems  of  wide-angle  ultraviolet  optical 
systems  are  essentially  solved. 


Figure  4.  The  region  of  the  Andromeda  Galaxy 
photographed  with  the  Epstein  ail-reflecting 
Schmidt  telescope.  Photo  by  Lewis  Epstein, 
Quysler  Corporation. 

In  the  little  time  left  for  discussing  other 
problems,  I would  stress  the  development  of 
ultraviolet  longwave  cutoff  filters  as  one  of 
the  most  important  as  well  as  one  of  the  most 
difficult  problems  remaining.  If  such  filters 
were  available,  the  last  obstacle  in  the  way  of 
extending  the  Palomar  Atlas  type  of  survey  to 
ultraviolet  wavelengths  would  be  overcome. 
PetiMps  the  most  practical  cunent  solution  to 
this  problem  is  the  reflective  broad-band 
uiterference  coatings,  which  are  being  incorpo- 
rated into  telescopes  proposed  by  Tifft.  lliis 
is  not  yet  an  ideal  solution,  however,  because 
the  reflection  bandwidths  are  broad  and  are 
affected  by  longer  wavelength  bands  that  are 
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difficult  to  eliminate  when  the  desired  wave- 
length band  is  in  the  1000-  to  1 SOO-angstrom 
region.  Another  current  solution  is  the  simple 
aluminum- dielectric  interference  filter.  Unfor- 
tunately, these  filters  are  rather  inefficient  at 
wavelengths  of  less  than  2000  angstroms,  and 
there  is  a question  of  whether  they  could  be 
produced  in  the  sizes  required  to  cover  the 
photographic  fields  desirable  for  survey  work. 
Such  fields  may  be  expected  to  have  a 
diameter  of  at  least  6 inches.  Still  a third 
approach  is  the  alkali  metal  transmission 
filter.  Although  such  filters  appear  promising 
in  theory,  the  problems  of  producing  and 
preserving  them  are  severe  and  have  not  yet 
been  solved.  A small  program  for  investigating 
these  problems  is  being  carried  out  at  North- 
western University.  The  problem  of  achieving 
long  wavelength  cutoff  has  been  efficiently 
solved  for  electronic  detectors  by  photo- 
cathode technology.  The  cesium-iodide 
photocathode  provides  an  excellent  method 
of  detecting  wavelengths  shorter  than 
1500  angstroms  without  interference  from 
longer  wavelengths. 

Summary 

In  summary,  I would  like  to  emphasize 
two  points.  First,  ultraviolet  survey  work  is  an 
important  part  of  space  astronomy  and 
deserves  greater  attention  than  it  is  currently 
receiving.  Not  only  is  it  necessary  as  a means 
of  searching  for  that  small  but  exciting  pe^ 
centage  of  stars  that  may  be  expected  to  show 
anomalies  in  their  ultraviolet  radiation,  but 
also  it  is  a means  of  making  moderate- 
accuracy,  spectral,  and  color  data  for 
hundreds  of  thousands  of  stars  available  to  all 
astronomers  for  statistical  studies  or  for 
studies  of  specific  sets  of  stars.  Second,  if  we 
grant  that  survey  work  should  be  a part  of 
space  astronomy,  it  is  to  be  anticipated  that, 
in  the  next  10  to  20  years,  the  most  useful 
and  significant  of  these  surveys  will  probably 
employ  the  photographic  emulsion  as  a 
detector.  Figures  5 »nd  6 show  the  tremen- 
dous information-gathering  capacity  of  the 
photographic  emulsion.  Jn  these  figures,  we 
see  a region  of  the  southern  Milky  Way  in 


Carina  photographed  with  the  10-inch 
aperture,  52-inch  focal  length.  Mount  Wilson 
Cooke  triplet  camera.  The  original  plate  was 
37.5  centimeters  square.  With  an  average 
linear  resolution  of  30  microns  over  this 
region,  we  find  that  1 .6  x 10®  image  elements 
have  been  recorded  in  a single  exposure;  this 
is  more  than  100  times  the  capacity  of  the 


Figure  5.  Direct  photo  in  red  liffit  of  the  southern 
Milky  Way  in  the  Carina  region.  Taken  with  the 
Mount  Wilson  10-lnch  Cooke  triplet  catnera  on 
Kodak  I03tt-E  emulsion.  The  dimension  of  the 
field  is  approximately  9x11  degrees. 


Figure  6.  Etdargpment  of  a small  section  of  figure  S 
showing  the  regUm  of  the  Eta  Carinae  nebula. 
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best  r.vailabie  electrorjc  detectors.  Such  a quantum  efficiency  of  the  electronic 
factor  more  than  compensates  for  the  greater  detectors. 
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The  analogy  has  been  made  that  talking 
about  the  future  of  infrared  astronomy  at  this 
time  is  like  having  to  talk  about  visual 
astronomy  if  all  the  data  that  were  available 
were  observations  which  had  been  made  in 
daylight.  I think  this  comparison  is  a valid 
one;  heuce,  most  of  this  discussion  today  will 
be  about  the  kinds  of  measurements  that  have 
been  made  in  the  past  in  order  to  give  a frame 
of  reference  to  what  we  are  working  on  now 
and  what  this  can  lead  to  in  the  future.  I will 
limit  my  discussion  to  the  stellar  type  of 
objects. 

For  astronomy,  the  infrared  region  can 
be  divided  into  two  regions.  One  region, 
approximately  from  1 to  20  microns,  is 
accessible  to  ground  observations.  It  is 
characterized  by  transmission  windows  in  the 
earth’s  atmosphere  at  about  1,  2, 3,  S,  10,  and 
20  microns.  Detectors  used  in  this  region  are 
of  the  photoconductive  type,  which  will  work 
over  tl^  entire  range.  Examples  of  these  are 
the  lead  sulfide  and  !;;ad  selenide  detectors. 
At  apimiximatety  S microns,  the  germanium 
bolometer  of  Frank  Low  becomes  com- 
petitive with  the  photoconductive  detectors. 
At  10  microns  and  20  microns,  the  bolometer 
IS  probably  a superior  detector. 

The  second  wavelength  region  in  the 
infrared  is  from  approximately  20  microns  to 
1 millimeter,  where  optical  techniques  start 
becoming  radio  techniques.  Essentially,  there 
are  no  windows  in  the  earth’s  atmoqihere  in 
this  region.  Thus,  in  order  to  study  astronomy 
at  these  wavelerigtns,  we  have  to  go  outside 
the  earth’s  atmosphere. 

Observationi  made  from  the  ground  have 
been  done  with  conventional  telescopes.  The 
idea  is  to  uje  a conventional  telescope  and  to 


put  a photometer  at  the  focal  plane.  The  only 
novel  feature  about  this  type  of  instrumenta- 
tion is  having  a two-beam  photometer  so  that 
one  portion  of  the  sky  can  be  compared 
against  an  adjacent  portion,  thus  eliminating 
the  effects  of  the  earth’s  atmosphere.  The 
technique  is  fairly  straightforward,  and,  in 
general,  telescopes  with  diameters  that  range 
from  24  inches  to  200  inches  have  been  used 
in  this  way. 

There  has  been  one  special  telescope 
(fig.  1)  built  at  the  California  Institute  of 
Technology.  It  is  a 62-inch-aperture  telescope 
and  is  made  of  epoxy  that  has  been  spun  in 
the  earth’s  gravitational  field  to  generate  the 
parabolic  primary.  This  fulfills  the  require- 
ment for  a lightweight  telescope;  it  does  not 
fulfill  the  requirement  of  a high-resoluticn 
surface  figure.  Its  resolution  is  only  about 
1 minute  of  arc,  which  is  good  enough  to 
meet  the  objective  of  a lightweight,  easy  to 


fIfiM  J.  Qiifomia  Institute  of  Ttdinology62'liieh 
teleaeope. 
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use,  inexpensive  telescope  for  conducting  a 
survey  in  the  infrared. 

To  illustrate  how  the  difficulty  of 
making  measurements  increases  v/ith  wave- 
length, it  is  interesting  to  note  that  on  the 
survey,  which^  was  observing  at  2.2  microns, 
.^^ured^^betwe'en^  1^000  to  20,000 
objOTs5A£/0[inica-opj,  pi|f|nate  the  number 
of  objects  that  have  been  published  is  only 
200;  at  20  microns,  it  is  well  under  50. 

Some  measurements  have  already  been 
made  from  above  the  earth's  atmosphere.  The 
first  were  done  with  balloons.  This  type  of 
measurement  is  mainly  the  work  of  John 
Strong,  who  pioneered  this  field  primarily  in 
planetary  work.  There  has  been  some  stellar 
soectroscopy  with  the  Stratoscope,  and,  mote 
.••eccntly,  there  have  been  observations  from 
balloons  at  100  microns  to  look  at  the 
galactic  center.  It  is  interesting  that  this  latter 
telescope  had  only  a 1-inch  aperture.  Both  the 
Naval  Research  Labomtory  and  Cornell  have 
done  some  rocket  work  that  has  been 
designed  mainly  to  look  at  the  infrared  back- 
ground by  using  cooled  telescopes,  these  have 
numbered  in  the  tens  of  flights.  There  has  also 
been  an  airplane  program  employing  a 
Convair990  and  some  work  by  Frank  Low 
with  a 1 2-inch-aperture  telescope  in  a Lear 
jet.  Most  of  the  work  has  been  done  in 
connection  with  spectral  measurements  of  the 
planets.  Stellar  observations  are  just 
beginning. 

What  types  of  objects  do  we  plan  to 
i measure  in  the  infrared?  Ten  yean  ago,  if  the 

I*  question  had  been  asked:  "What  are  the 

\ infrared  characteristics  of  the  stars?’’,  the 

; answer  would  have  been  tliat  most  st'^ns  look 

* just  like  black  bodies  with  temperatures 

; typically  of  the  oidn  of  3,000”  Kelvin  or 

l^er.  Johnson,  at  Arizona,  measured  a large 
fraction  of  the  bright  stan  in  t!ie  infrared  and 
found  that  this  was  indeed  the  case. 

Within  the  last  five  years,  and  especially 
in  the  last  year,  this  picture  has  changed 
radically.  This  has  been  the  remit  both  of 
extend^  the  wavele;igths  beyond  2 microns 
to  the  5-,  10-,  and  20-micron  windows  and  of 
making  an  unbiased  search  for  infrared 
objects.  The  types  of  infrared  stars  can  be 


broken  into  two  groups.  The  first  group  are 
ordinary  coolish  stars.,  which,  however,  show 
anomalously  large  infrared  radiation  at 
approximately  10  microns.  Th.*s  looks  as  if 
there  is  a circumstellar  shell  that  has  been 
postulated,  in  some  cases,  as  being  made  of 
silicates.  The  second  group  are  objects  that 
emit  essentially  all  of  their  radiation  in  the 
infrared.  Figure  2 shows  two  plates  made  with 
the  4>*-inch  Schmidt  telescope;  these  are  the 
red  and  the  blue  plates  of  an  area  in  Cygnus. 


Flgun  Z Plates  made  with  48dnch  S -unidt  tele- 
scope;  Cypaa  source. 


There  is  an  object  which  is  very  clearly  visible 
on  the  red  plate  but  which  is  missing  on  the 
blue  plate.  At  2 microns,  that  object  is  as 
brii^t  as  Vega.  At  10  and  20  microns,  that 
object  becomes  the  second  brightest  star  in 
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the  sky.  The  spectrum  of  this  star  is  shown  in 
figure  3;  its  energy  is  shown  as  a function  of 
wavelength.  When  thh<  is  compared  with  the 
left-hand  curve,  which  is  the  spectrum  of 
a Her,  an  ordinary  coolish  type  of  star,  it  is 
possible  to  see  that  the  bulk  of  the  energy  is 
in  the  long  wavelength  region  all  the  way  to  S 
and  10  microns. 

The  other  object  in  figure  3 that  also 
goes  to  the  far  infrared  is  one  of  the  other 
three  brightest  objects  in  the  sky  at  10  and 
20  microns,  namely,  VY  Canis  Majoris.  It  is 
interesting  because  every  spectrum  that  has 
been  taken,  including  the  spectra  at 
2 microns,  indicates  this  is  a perfectly 
ordinary  star.  It  is  only  at  S and  10  microns 
that  we  begin  to  see  differences.  The  point  is 
that  we  do  not  know  as  yet  how  many  objects 
there  are  which  look  perfectly  normal  at 
2 microns  but  at  5 microns  shew  very 
anomalous  behavior.  Figure  4 shows  the 


energy  spectrum  of  the  brightest  object  in  the 
sky  at  20  microns,  tj  Carinae,  a star  in  the 
Carinae  nebula.  It  is  plotted  in  frequency 
instead  of  in  wavelength;  i.e.,  the  long  wave- 
lengths are  to  the  left-hand  side.  The  solid 
curve  to  the  right  represents  the  optical  data 
that  should  be  combined  with  our  infrared 
data  points.  The  dashed  curve  is  wliat  we 
think  the  spectrum  should  lock  like  once  we 
have  taken  care  of  interstellar , xtinction.  The 
point  is  fairly  obvious;  in  the  visual,  the 
object  is  something  like  a fifth  or  sixth 
magnitude  star,  which  is  pretty  incon- 
spicuous. If,  on  the  other  hand,  we  go  from 
1 .6  to  20  microns,  we  see  how  the  energy 
really  increases.  This  is  a particularly 
interesting  object  to  me  because  it  blew  up  in 
1 860,  at  which  time  it  was  visually  as  bright 
as  the  second  brightest  star  visible  at  that 
time.  Since  then,  its  visual  component  has 
decreased.  Unfortunately,  there  were  no 
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Figure  4.  Energy  spectrum  of  Eta  Carinae. 

infrared  measurements  made  in  1860,  but  it 
looks  very  much  as  if  all  of  the  energy  from 
this  visual  component  has  gone  into  the 
infrared  component,  probably  by  heating  a 
shell  of  gas. 

There  is  another  group  of  objects  found 
in  the  infrared  that  are  not  associated  in  any 
way  with  visually  identifled  stars.  Probably 
the  most  important  region  in  this  respect  is 
the  Orion  Nebula.  Eric  Becklin,  at  the 
California  Institute  of  Technology,  scanned 
this  area  and  found  a star-like  object  that 
cannot  be  seen  in  the  visual  even  when 
looking  with  the  200-inch  telescope.  The 
energy  distribution  of  this  corresponds  to  a 
temperature  typically  of  the  order  of  700* 
Kelvin.  Frank  Low  looked  at  this  general  area 
to  try  to  measure  this  point-Like  object  at 
20  microns.  Instead,  next  to  the  point-object, 
he  found  a nebula  that  is  only  a factor  of  10 
or  so  dimmer  than  17  Carinae.  Its  temperature 
is  something  of  the  order  of  70*  Kelvin.  We 


think  this  is  an  area  where  the  stars  are  just 
forming.  More  recent  measurements  in  the 
whole  Orion  region  have  shown  it  generally  to 
be  a very  bright  infrared  emitter. 

The  energy  distributions  can  be  seen  in 
figure  5.  reprinted  from  a review  article  in 
Science  magazine  by  Frank  Low.  The  figure 
shows  the  energies  of  a series  of  different 
objects.  The  wavelength  is  increasing  to  the 
ri^t  with  the  sun  all  the  way  to  the  left;  this 
gives  us  an  idea  of  what  a fairly  ordinary  star 
looks  like.  The  coolest  stars  known  before  5 
or  10  years  ago  are  typified  by  T Tau.  The 
object  in  Cygnus  shown  in  figure  5 (NML 
Cyg)  is  in  the  center;  the  point  source  in 
Orion  (Becklin’s  object)  and  the  Orion 
infrared  nebula  are  peaked  at  still  longer 
wavelengths.  This  shows  the  general  range  of 
galactic  objects  that  are  apparently  present  in 
the  mfrared. 


Figure  5.  Normalized  spectral  energy  distributions 
of  five  objects  representing  various  stages  of  stdtar 
evolution;  all  data  obtained  at  University  of 
Arizona  on  photometric  systems  designated  by 
letters  U,  B.  V.  R,  /,  J,  H,  K,  L M,  N,  Q. 

Finally,  I would  like  to  go  to  the  grand 
scale,  to  what  1 think  is  a most  interesting 
aspect  of  infrared  astronomy,  namely,  the 
study  of  infrared  from  extragalactic  objects. 

Early  infrared  measurements  of  galaxies 
showed  that  they  look  pretty  much  like  a 
collection  of  ordinary  stars;  that  is,  the  energy 
distributions  look  like  those  shown  in  figure  6 
for  M3 1. 

A collection  of  objects,  including  some 
other  extragalactic  objects,  is  shown  in 
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Figure  6.  Energy  distributions  for  M31. 


figure  7.  The  striking  difference  between 
these  objects  and  the  normal  galaxies  is 
obvious.  In  particular,  3C273,  which  is  the 
brightest  of  the  quasars,  rises  very  sharply  in 
the  infrared  so  that  at  20  microns,  (frequency 
~ 10*  ^ Hz),  it  is  essentially  as  high  as  it  can 
get.  Qearly,  this  is  one  object  in  which  the 
bulk  of  the  energy  is  in  the  infrared. 

After  3C273  was  measured,  interest  was 
generated  in  other  types  of  peculiar  galaxies, 
particularly  in  the  Seyfert  galaxies,  which  are 
unusual  because  they  have  very  bright  nuclei. 
When  we  look  at  these  nuclei  in  the  infrared, 
we  find  that  they,  too,  have  a very  sharp 
increase  to  longer  wavelengths.  NGC  1068, 
one  of  the  brightest  Seyfert  galaxies,  is 
included  in  figure  7.  The  question  is  still  open 
as  to  what  these  objects  are  and  how  they 
compare  with  ordinary  galaxies.  In  particular, 
the  question  arises  if  ordinary  galaxies,  like 
our  own,  have  a nuclear  component  which 
also  has  the  anomalous  infrared  properties.  In 
the  case  of  our  galaxy,  we  cannot  see  the 
nucleus  in  the  visible  because  of  interstellar 
extinction,  which  reduces  the  visual  radiation 
by  approximately  10**.  In  the  infrared. 


however,  at  2 microns,  this  factor  is  only 
down  by  something  like  a factor  of  10,  thus 
permitting  the  possible  measurement  of  the 
galactic  center  for  the  first  time.  Out  to  3/a, 
our  galactic  nucleus  did  not  look  any  dif- 
ferent from  what  was  expected  from  a group 
of  ordinary  stars.  This  picture  was  changed 
once  we  started  making  measurements  at  10 
and  20  microns.  If  we  look  into  the  center  of 
the  galaxy  at  these  wavelengths,  we  find  an 
energetic  core  of  the  order  of  16  seconds 
across.  In  this  case,  we  find  that  the  spectrum 
deviates  significantly  from  an  ordinary  stellar^ 
like  spectrum  and  agrees  with  the  spectrum  of 
the  Seyfert  type  of  galaxies.  The  main 
difference  is  that  the  total  energy  emitted  by 
the  core  of  the  “ordinary”  galaxy  is  less  than 
that  emitted  by  the  Seyfert  nucleus  by  a 
factor  of  10* . 

We  are  now  left  with  this  very  fasci- 
nating situation:  when  we  looked  at  our 
ordinary  galaxy  in  the  smallest  and  finest 
detail,  it  is  just  as  extraordinary  as  the  very 
peculiar  Seyfert  galaxies.  How  common  this 
property  is  is  not  known.  It  is  going  to  be 
very  hard  to  measure  other  galactic  nuclei; 
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; FtgunT.  Energy  distributions  for  actragahctte  obiectt 

even  the  M31  galaxy  requires  approximately  to  do  in  infrared  astronomy  is  because  there  is 

^ l/3-arc>second  resolution  in  order  to  see  a such  a large  technological  and  scientific  gap. 

; comparable  core.  The  scientific  gap  is  obvious.  We  simply  have 

^ What  is  the  fut^ire  of  infrared?  I think  it  not  been  making  measurements  long  enough 

is  clear  that  research  that  can  be  done  from  to  be  able  to  predict  what  we  want  to  do.  The 

I the  earth  is  not  appropriate  for  space;  for  technological  gsp  is  in  the  field  of  detector 

^ example,  the  region  from  1 to  20  microns  is  development.  In  essentially  every  single  case, 

I not  appropriate  for  q>ace  research.  Qearly,  the  detector  sensitivity  is  a limiting  feature  of 

i the  area  to  be  investigated  is  from  20  microns  the  measurements.  The  bolometer  that  Low 

; to  the  submillimeter  region.  Some  plans  using  has  developed  now  has  a detectivity, 

a Convair  990  with  a 36>inch  telescope  have  essentially  the  redprocal  of  the  noise 

I already  been  made  for  such  investigation.  equivalent  power  (NEP),  of  10*^  Wj 

1 The  big  reason  why  we  cannot  give  a Iheotetically,  it  can  go  as  high  as  10* thus, 

i really  accurate  description  of  v^at  we  want  in  detector  development,  there  is  a factor  of 
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1000  to  be  gained.  It  is  clear  that  this  is  the 
most  important  single  item  that  has  to  be 
developed  in  the  infrared. 

Accompanying  this  is  the  whole  problem 
of  cryogenics  because  every  infrared  detector 
has  to  be  cooled.  The  bolometer  sensitivity  is 
inversely  proportional  to  the  temperature; 
hence,  the  investigator  has  to  be  working  in 
the  general  area  of  1°  or  2°  Kelvin.  It  is 
essential  that  detectors  and  the  cyrogenic 
problem  be  worked  on  jointly.  Some  of  the 
numerology  of  this  problem  is  shown  in 
figures  8 and  9,  which  come  from  the 
Astronomy  Missions  Board  report.  The  dif- 
ferent curves  represent  the  limits  set  by  tele- 
scope mirrors  at  the  temperature  shown  and 
with  the  emissivity  noted.  The  dashed  line 
shows  the  state  of  the  present  bolometers;  the 


LARGE  THROUGHPUT  SYSTEMS  (Afi  = I cm^sr.) 


WWE  LENGTH 
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FIffjre  9.  Detector  sensitivity,  wide  fidd  of  view. 


lowest  curve  is  always  the  one  that  limits  the 
system. 

The  reason  there  are  two  figures  is  that 
the  sensitivity  of  a detector  depends  on  the 
background  that  it  sees  because,  once  it 
reaches  a sufficiently  high  sensitivity,  it 
becomes  limited  by  statistical  fluctuations  of 
the  photons  impingeing  on  it.  Therefore,  if  we 
want  to  make  very  sensitive  detectors,  we 
somehow  have  to  remove  the  background. 
This  can  be  done  cither  by  cooling  the  tele- 
scope or  by  narrowing  the  field  of  view. 
Figures  treats  the  extreme  of  making  a 
defraction-limited  telescope;  i.e.,  t^en  we  are 
looking  only  for  a very  narrow  field  of  view. 
Figure  9 is  for  the  kind  of  a system  that  we 
might  want  if  we  were  looking,  for  instance, 
at  the  infrared  background  or  at  large  areas 
like  the  Orion  nebula. 
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From  figure  8,  we  see  that  if  we  have  a 
pointed  system  but  use  a room  temperature 
telescope  with  an  emissivity  of  1 , this  would 
be  the  limiting  case.  With  a reasonable 
number  like  a 1 -percent  emissivity,  this  curve 
is  raised  by  a factor  of  10,  which  would  move 
the  solid  curve  into  the  middle.  This  implies 
that,  if  we  have  an  emissivity  of  1 percent, 
then,  as  long  as  detectors  do  not  improve  over 
what  they  are  now,  we  could  make  do  vdth  an 
uncooled  telescope.  On  the  other  hand,  if 
detectors  improve  as  much  as  they  theoret- 
ically can  (10*’),  the  telescope  would 
become  the  limiting  feature  at  very  long  wave- 
lengths even  if  it  were  operating  at  20“  Kelvin 
with  an  emissivity  of  1 percent. 

It  is  quite  obvious  to  me  that  we  do  not 
want  to  restrict  ourselves  to  these  narrow 
field-of-view  telescopes.  Figure  9 shows  that 
for  the  wide  field  case,  if  we  have  a telescope 
of  300“  Kelvin,  the  telescope  is  already  a 
limiting  feature  even  with  an  emissivity  of 
1(T*.  Therefore,  we  are  required  to  decrease 
the  temperatxire  of  the  telescope  to  some 
reasonable  number  like  20“  if  we  want  to 
look  with  a wide  field-of-view  system.  This 
means  that  the  cryogenics  must  be  developed 
not  only  to  be  used  for  the  detector  itseif  but 
also  to  be  able  to  take  advantage  of  ^ace. 

There  are  some  other  obvious  specialized 
areas  that  need  to  be  developed.  Materials 
and,  in  particular,  fillers  need  to  be  developed 
for  the  long  wavelengths.  At  the  present  time, 
filters  are  a “cookbook”  kind  of  a business 


out  beyond  20  microns.  Spectroscopy  has  to 
be  developed;  the  problem  is  special  for  the 
infrared  because  of  the  detector  limitation; 
hence,  we  have  to  take  advantage  of  new 
techniques.  For  example,  Fourier  spectro- 
scopy rather  than  the  more  conventional 
techniques  is  already  being  advocated 
vigorously. 

Tliere  is  also  the  whole,  broad  problem 
of  imagery.  Dr.  Henize  pointed  out  in  his 
paper  how  important  it  is  to  have  a picture. 
When  we  made  the  survey  at  2 microns,  we 
had  to  proceed  star  by  star.  This  is  actually  a 
ver>'  awkward  process.  I think  it  is  clear  that, 
if  we  can  develop  imagery  so  that  we  can 
make  pictures  at  2,  10,  and  20  microns,  this 
would  be  an  extremely  important  develop- 
ment. Finally,  there  is  the  problem  of 
instrumentation  contamination  from  the 
spacecraft.  By  “contamination”  I mean  that, 
as  the  satellite  or  rocket  goes  up,  there  is  junk 
associated  with  it.  Although  it  is  small,  it  is 
hot  enough  to  give  totally  spurious  results  in 
the  ir  frared.  This  problem  is  one  which  has  to 
be  worked  on.  It  is  a technical  problem,  but  it 
is  the  kind  of  problem  that  is  going  to  be 
annoying  in  developing  space  telescopes. 

All  of  these  special  problems  are 
unimportant  in  comparison  with  the  need  for 
an  emphasis  on  detectors  and  associated 
cryogenics.  I think  that  this  field  of  investiga- 
tion, plus  keeping  open  minds  so  that  we  are 
willing  to  grow  with  this  field,  is  what  is 
required. 
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There  are  three  topics  covered  in  this 
paper.  First,  I will  describe  some  of  the  astro- 
nomical research  that  might  be  carried  out  at 
high  resolution.  I interpret  high  resolution  as 
including  not  only  high  spatial  resolution  but 
also  high  spectroscopic  resolution,  since  the 
two  are  related  technically  and  an  instrument 
suitable  for  one  is  likely  to  be  suitable  for  the 
other.  Second,  1 will  discuss  the  critical  tech- 
nological areas  where  more  research  and 
development  needs  to  be  done  before  we  can 
forge  ahead  and  construct  the  optimum 
instruments  required  for  this  high  resolution. 
Third,  I will  treat  very  briefly  the  instru- 
mental goals;  i.e.,  the  large  space  telescope 
that  we  have  been  talking  atout  for  some 
years  and  the  intermediate  steps  that  might  be 
visualized. 

Astronomical  Research 

The  research  we  wish  to  conduct  is,  of 
course,  the  subject  of  primary  interest  to  the 
astronomical  community.  Let  us  begin  by 
posing  a number  of  salient  questions.  What 
sort  of  astronomical  observations  can  be 
made?  Why  are  astronomers  interested  in  high 
resolution  instruments?  At  Princeton,  we  have 
completed  several  reports  analyzing  what 
could  be  done  with  such  space  instruments. 
Although  the  astronomical  community  does 
not  think  with  one  mind,  we  have  at  least 
begun  to  plan.  Some  points  are  still  being 
debate^;  a number  of  others  have  been  agreed 
to  by  astronomers  with  different  viewpoints. 
We  are  gradually  generating  a reasoned 
document  that  can  serve  as  the  basis  of  a 
national  plan  for  space  astronomy.  The  enthu- 
siasm of  the  space  astronomers  must  be 


*tmpered  by  the  experience  of  those  in 
'-lOund-based  astronomy.  This  experience 
'.mst  be  taken  into  account  in  any  long-range 
plan. 

All  of  us  who  have  had  any  contact  with 
the  subject  convinced  of  the  enormous 
importance  of  scientifle  data  that  could  be 
obtained  with  the  telescopes  of  the  future.  1 
shall  discuss  only  two  typical  problems, 
chosen  from  a much  mere  extensive  list,  that 
could  be  explored  with  high  spatial  resolu- 
tion, by  which  I mean  a resolving  power  of 
approximately  0.03  arc  second. 

One  is  in  the  field  of  galactic  structure. 
With  increased  resolution,  much  more  info^ 
mation  should  be  obtainable.  One  question 
that  might  be  studied  in  detail  with  such 
higher  resolution  is  the  diameter  of  the  very 
small  galactic  nuclei  that  have  been  discovered 
at  the  center  of  Seyfert  galaxies.  The  chief 
astronomical  result  of  the  last  Stratoscope  II 
flight  was  to  set  an  upper  limit  to  the 
diameter  of  the  nucleus  in  one  of  the  brighter 
Seyfert  galaxies.  These  results  are  now  being 
used  by  one  of  my  collaborators  at  Princeton 
to  construct  a model  for  these  fascinating 
objects,  a model  consistent  with  this  upper 
limit.  This  model  is  based  upon  the  general 
point  of  view  that  collisions  between  stars  are 
responsible  for  all  the  activity  occulting  in 
these  galactic  nuclei.  Since  this  picture  is  by 
no  means  definite,  the  higher  resolution 
offered  by  the  space  telescope  can  begin  to 
provide  : .nambiguous  answers  concerning  the 
true  physical  processes  of  the  galactic  nuclei. 

A brilliant  Russian  astronomer, 
Ambartsumian,  has  suggested  that  wholly  new 
physical  principles  must  be  involved  to 
explain  what  is  going  on  in  these  galactic 
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nuclei.  He  suggests  that  a state  of  matter 
unfamiliar  to  physicists,  except  perhaps  with 
the  most  powerful  atom-smashing  machines, 
may  be  responsible  for  phenomena  at  the 
center  of  these  nuclei.  Whether  or  not  we 
accept  this  hypothesis  depends  in  part  upon 
the  results  |hat  would  be  ac}iieved  wiih  hi^er 

rdsoilbbA  ItfKj^^s.-  j ) r 

A second  field  where  high  resolution 
imagery  is  important  and  where  results  can  be 
interpreted  immediately  in  terms  of  physical 
understanding  is  in  the  structure  of  galactic 
clouds  of  gas  or  nebulae.  Such  objects  include 
the  bright  Orion  nebula,  pianetary  nebulae, 
and,  perhaps  the  most  spectacular  of  all,  the 
shells  of  gas  that  are  emitted  in  explosions  of 
a supernova,  such  as  the  Crab  nebula,  the 
Cygnus  loop,  and  other  regions  where  gases 
ejected  initially  at  a velocity  of  many 
thousands  of  kilometers  per  second  have  been 
slowed  down  by  interaction  with  the  inter- 
stellar medium.  There  is  some  evidence  from 
the  highest  resolution  picture  of  these 
complex  filamentary  structures  that  magnetic 
fields  may  play  a dominant  role  in  the 
structure  of  these  gas  clouds.  Photographs  of 
these  objects  with  10  to  30  times  higher 
resolution  will  enormously  increase  our 
knowledge  of  the  processes  taking  place 
within  them 

In  considering  high  spectroscopic  resolu- 
tion, I have  selected  only  two  applications.  By 
**hit^  spectroscopic  resolution”  I mean  the 
ability  to  resolve  0.1  angstrom.  With  the 
advanced  type  of  spectroscopic  instrument 
being  planned,  we  can  think  of  getting 
0.1 -angstrom  spectral  resolution  on  a star  of 
1 0th  magnitude  with  an  exposure  of  approxi- 
mately one-lialf  hour  with  a 120-inch  space- 
borne  telescope.  I may  poin,.  out  that,  with  a 
telescope  providing  high  spatial  resolution, 
the  best  way  of  getting  high  spectroscopic 
resolution  may  be  to  use  a fairly  wide 
entrance  slit  to  admit  all  or  most  of  the  U^t, 
thus  giving  highest  efficiency  and  greatest  ease 
of  acquisition,  and  then  to  use  the  sharp 
image  and  the  guidance  precision  of  the 
instrument  to  give  the  q>ectroscopic  stability 
and  resolution  needed. 


The  first  field  in  which  high  spectro- 
scopic resolution  can  be  used  profitably  is  the 
study  of  the  outer  atmosphere  of  the  stars. 
This  region,  which  is  generally  in  a state  of 
violent  activity,  changing  rapidly  wit’:  lime,  is 
a predominant  source  of  ultraviolet  radiation 
and,  in  the  case  of  the  sun,  has  been 
extensively  explored  with  space  vehicles.  With 
high  resolution  spectrophotometry  from  a 
large  spacebome  telescope,  we  can  hope  to 
make  similar  observations  on  a wide  variety  of 
stars  other  than  the  sun  and  perhaps  even  for 
much  colder  stars  and  for  such  faint  objects  as 
protostars.  These  objects,  at  the  extremes  of 
the  evolutionary  scale,  should  hold  very 
fascinating  and  important  clues  to  the  origin 
and  fate  of  stars  in  general.  To  obtain  lu£h 
spectral  resolution  of  these  object*  in  the 
ultraviolet  would  be  a fascinating  iield  of 
research. 

The  second  field,  which  is  of  particular 
interest  to  me  personally,  is  high  spectro- 
scopic resolution  in  the  ultraviolet  for 
determining  the  composition  and  distribution 
of  interstellar  gas.  With  a few  trivial 
exceptions,  most  of  the  atoms  in  interstellai 
space  ?bsorb  only  in  the  ultraviolet,  an  effect 
that  cannot  be  observed  from  the  ground.  By 
going  to  the  ultraviolet,  we  get  an  increase  in 
sensitivity  of  three  orders  of  magnitude;  that 
is,  we  can  detect  interstellar  gas  with  a density 
of  only  1/1000  of  that  needed  for  observa- 
tions in  the  visible  or  in  the  21-centimeter  line 
of  radio  astronomy.  Thus,  high  resolution 
observations  can  open  an  essentially  new  field 
of  research  in  interstellar  studies.  With  a large 
space  telescope,  we  could  examine  the 
physical  nature  of  the  vast  halo  of  gas  that  is 
believed  to  surround  the  entire  galaxy  and 
which  may  be  a dominant  physical  factor  in 
its  origin  and  evolution. 

Critical  Areas  of  Technology 

There  are  critical  technological  areas  that 
are  in  particular  need  of  development  in  order 
to  realize  the  potentialities  of  space  tele- 
scopes. I have  excluded  most  of  the  items 
generally  needed  for  space  research,  such  as 
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reliable  components,  large  amounts  of  electric 
power,  and  data  transmission,  because  these 
items  are  not  unique  to  the  present  discus- 
sion. I have  c'^nsidered  only  the  particular 
technological  areas  needed  for  high  resolution 
astronomical  purposes. 

One  such  area  is  the  primary  mirror, 
which  is  of  central  importance  for  high  reso- 
lution. The  i,rst  problem  is  one  of  manu* 
facturing.  How  do  we  make  a large  primary 
mirror  with  the  desired  properties,  and, 
closely  related  to  this  problem,  how  do  we 
test  it?  Evidently,  if  we  cannot  test  it,  we  do 
not  know  whether  it  has  been  manufactured 
correctly.  This  problem  has  been  solved 
successfully  for  the  36-inch  mirror  in  Strato- 
scope  II;  the  solution  constitutes  a very 
important  result  of  that  program.  For  the 
larger  instruments,  however,  there  are  still  a 
good  many  uncertainties. 

Another  problem  in  connection  with  the 
primary  mirror  is  its  thermal  propertic.,.  While 
fused  silica  is  much  better  than  pyrex,  there 
are  new  materials  being  developed,  such  as 
ultra-low-expansion  quartz  and  Cervit,  that 
have  a thermal  coefficient  of  expansion  10 
times  lower  than  fused  silica.  What  are  the 
required  properties  of  materials  applicable  to 
large  astronomical  mirrors?  In  particular, 
what  is  the  dimensional  stability  for  thermal 
cycling  und  for  vibration  and  aging?  One  field 
where  development  is  urgently  needed  before 
much  emphasis  can  be  put  on  larger  instru- 
ments is  the  testing  of  material  properties  in 
discs  with  sizes  suitable  for  astronomical  use; 
i.e.,  40  to  60  inches.  This  includes  not  only 
manufacturing  discs  of  the  proprietary 
material  and  size  to  diffraction  limits  but  also 
their  thermal  cycling  and  vibration  testing  as 
well. 

Another  central  problem  that  must  be 
resolved  regarding  a larger  mirror  is  whether  it 
should  be  monolithic,  composed  of  a single 
disc,  or  segmented.  Segmented  mirrors  would, 
I assume,  be  continually  monitored,  with  all 
the  segments  being  actively  controlled  by 
pulling  and  pushing  them  into  a perfect 
figure.  This  is  a ven'  fascinating,  challenging 
field  of  optica!  en^neering  in  wdiich  more 
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information  is  needed  for  potential  appli- 
cation to  a larger  instrument. 

Finally,  with  high  resolution  work  as  in 
all  types  of  space  astronomy,  we  need 
improved  efficiency  of  the  primary  optics. 
The  coatings  are  presumably  subject  to 
degradation  produced  by  air,  waste  products 
from  the  spacecraft,  and  energetic  particles. 
The  extent  of  this  degradation  must  be 
known.  There  are  some  programs  underway 
to  measure  the  optical  degradation  of  various 
coatings  for  short  periods  in  manned  missions. 
Another  exceedingly  important  problem  is 
scattered  light,  in  the  vicinity  of  the  space- 
craft, that  directly  affects  all  astronomical 
research. 

There  is  also  the  problem  of  positioning 
accuracy.  With  the  success  of  Stratoscope  II 
in  obtaining  an  rms  pointing  accuracy  com- 
parable with  that  needed  for  a large  space 
telescope,  an  important  milestone  in  this  field 
has  been  achieved.  I am  sure,  however,  that 
other  problems  will  remain,  and  both  the 
error  sensor  and  the  actuators  that  move  the 
image  around  will  require  further  develop- 
ment before  a pointing  mechanism  can  be 
optimized. 

Another  area  that  1 believe  is  crucial  for 
the  high  resolution  telescopes  of  the  future 
concerns  the  detectors.  At  I^ceton,  we  have 
had  great  enthusiasm  for  several  years  for 
integrating  television  tubes.  I think  it  is  clear 
that,  while  film  has  advantages  for  an  instru- 
ment with  a wide  field  of  view,  for  most 
research  programs  the  wide  field  is  not  as 
important  as  the  high  quantum  efficiency 
provided  by  the  photoelectric  devices.  An 
extremely  important  aspect  of  imaging  with 
electronic  readout  (as  with  television)  is  the 
opportunity  of  getting  away  from  all  the 
inherent  difficulties  associated  with  photo- 
graphic plates  in  space,  including  fogging  by 
energetic  particles,  problems  of  storage  and 
development,  etc.  It  is  our  opinion  that  space 
astronomical  research  of  the  future  will 
depend  in  a very  central  way  upon  integrating 
television  camera  tubes;  thus,  the  develop- 
ment of  effective  tubes  should  play  an 
essential  role  in  space  astronomy.  An 
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improvement  in  the  detector  efficiency  by  an 
order  of  magnitude  has  the  same  astronomical 
effect,  as  far  as  the  photon  count  is  con- 
cerned, as  increasing  the  aperture  of  the 
telescope  by  a factor  of  1 0. 

An  extension  of  these  imaging  tech- 
niques into  the  far  ultraviolet  wavelengths  less 
than  1 100  angstroms,  where  image  tube 
faceplates  cannot  be  used,  is  an  important 
research  goal.  Similarly,  an  extension  of 
imaging  techniques  into  the  infrared  is 
essential  for  the  large  telescope  of  the  future. 
Althou^  the  specific  technological  develop- 
ments needed  tor  infrared  astronomy  have 
been  described  in  a previous  paper,  let  me 
reemphasize  the  importance  of  increasing  the 
sensitivity  against  noise  of  infrared  detectors 
and  the  importance  of  developing  the 
cryogenic  equipment  needed  for  operation  in 
the  satellite  environment. 

An  additional  area  of  technology  in 
connection  with  detectors  is  the  development 
of  gratings  needed  for  high  spectral 
resolution.  Gratings  in  the  ultraviolet  have 
been  used  for  many  years  in  the  physics 
laboratories,  where  few  physicists  have  been 
concerned  with  their  efficiency.  By 
“efficiency”  we  mean  how  much  of  the  light 
that  hits  the  gratings  actually  ends  up  where 
we  want  it.  In  the  physics  laboratory,  we 
simply  expose  the  ultraviolet  spectroscopic 
plate  as  long  as  necessary  to  get  the  proper 
image  density.  There  is  no  specific  need  to 
take  many  exposures;  hence,  the  length  of 
one  exposure  does  not  matter  particularly.  On 
the  other  hand,  with  a space  telescope,  the 
overall  efficiency  of  the  instrument 
determines  the  amount  of  data  that  can  be 
gathered:  hence,  the  efficiency  of  the  grating 
is  of  crucial  importance.  Very  little  has  been 
done  to  improve  the  efficiency  of  ultraviolet 
gratings.  Development  of  efficient  gratings  in 
the  ultraviolet  is  probably  one  of  the  most 
important  aspects  of  supporting  technology 
for  large  telescopes. 

One  important  field  not  germane  to  hi^ 
resolution  telescopes  but  essential  to  the 
permanency  of  very  large  instruments  is 
manned  maintenance.  I agree  with  Dr.  Henize 


that  the  primary  role  of  the  astronauts  is 
probably  not  to  maintain  and  operate  a space 
telescope  on  a moment-to-moment  basis,  but 
rather  to  keep  the  telescope  working  on  a 
longer  basis;  i.e.,  to  maintain  it,  to  update  it, 
to  change  it,  to  repair  it,  and  to  do  all  the 
things  that  are  very  difficult  to  imagine  being 
automated.  The  greatest  uncertainty  at  the 
moment  in  the  pLns  for  the  large  spaceborne 
telescope  is  just  how  man  can  best  be  used  in 
connection  with  such  a powerful  long-range 
instrument. 

There  is  a wide  range  of  scale  and 
complexity  in  the  ways  that  man  might  be 
used  for  the  maintenance  of  a large  instru- 
ment. At  one  extreme,  we  can  think  of  a 
minimum  program  where  the  astronaut  floats 
around  the  instrument,  taking  out  black 
boxes  and  replacing  them  with  others,  and 
then  floats  back  to  his  capsule,  and  goes 
away.  This  is  something  we  have  explored  at 
Princeton  in  some  detail.  From  the  standpoint 
of  the  instrument  itself,  we  have  convinced 
ourselves  that  to  take  out  black  boxes  and  to 
put  others  back  in,  even  for  a very  precise 
high-resolution  instrument,  makes  very  good 
sense,  provided  all  agree  that  astronauts  can 
do  this  on  an  extravehicular-activity  (EVA) 
basis.  On  the  other  hand,  it  is  not  clear  to  us 
that  this  is  the  way  that  the  astronaut 
developments  are  going  to  proceed.  It  may  be 
that  the  difficulties  with  EVA  are  too  great 
and  that  this  is  not  an  effective  way  to  use 
astronauts.  Perhaps  a more  efficient  method 
would  be  to  have  them  go  into  a pressurized 
instrument  comLsartment  and  operate  m a 
shirtsleeve  environment  to  make  whatever 
changes  are  necessary.  Or  perhaps  we  should 
go  to  the  ultimate  in  manned  maintenance 
and  think  of  taking  the  telescope  into  a large 
hangar  when  maintenance  is  needed.  The 
hangar  would  then  be  closed  and  pressurized, 
and  clean-room  facilities  would  be  intro- 
duced. After  going  through  suitable  air 
showers,  the  astronauts  would  emerge  into 
the  hangar  and  proceed  to  make  whatever 
repairs  are  needed. 

Somewhere  in  this  range  of  possibilities 
lies  the  optimum  way  of  using  man  with  a 
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large  space  telescope.  The  decision  as  to  how 
man  should  be  used,  depending  partly  upon 
man’s  capability  in  space  and  partly  upon 
such  matters  as  economics,  will  influence  the 
whole  design  of  the  telescope. 

Astronomical  Hardware  Goals 

What  art  the  specific  astronomical  hard- 
ware goals  that  we  can  visualize?  The  long- 
range  goal  is  an  essentially  permanent 
astronomical  facility,  which  astronomers  have 
designated  the  Large  Space  Telescope  (LST). 
We  have  specified  that  this  LST  should  have 
the  equivalent  resolving  power  of  a 120-inch, 
diffraction-limited  telescope  but  that  the 
actual  aperture  might  be  as  great  as  ISO  to 
180  inches,  depending  primarily  on  the  tech- 
nology and  on  the  diameters  of  the  available 
launch  vehicles.  In  order  to  achieve  this  goal, 
there  might  be  two  such  telescopes  launched, 
one  as  an  engineering  model  and  the  other  as 
the  final  instrument. 

'fhe  intermediate  steps  between  where 
we  are  now  and  this  long-range  facility  are 
somewhat  more  controversial.  Althougli  I 
have  no  specific  suggestions  to  make,  I would 
like  to  suggest  two  particular  requirements. 
First,  any  intermediate  facility  must  be  an 
astronomically  significant  device.  If  it  is  not, 
it  will  be  very  difficult  to  get  astronomers  to 
devote  the  blood,  sweat,  and  tears  that  are 
needed  if  these  astronomers  are  to  contribute 
any  input  to  this  system.  If  I were  asked,  as 
an  astronomer,  to  spend  an  amount  of  time 
comparable  to  that  which  I have  spent 
working  on  the  Orbiting  Astronomical 
Observatory  (OAO)  on  an  instrument  that 
was  an  interesting  engineering  prototype  but 
did  not  provide  key  astronomical  data,  I am 
sure  I would  find  other  ;ireas  in  which  to 
devote  my  interests. 

The  second  requirement  I suggest  is  that 
any  intermediate  step  should  advance  some  of 
the  areas  of  technology  that  are  crucially 
important  for  the  large  space  telescc^e.  1 
would  not  suggest  that  an  intermediate  step 
must  advance  all  phases  of  technology  needed 
for  the  LST.  If  a too-ambitious  intermediate 


step  would  result  in  launch  only  a year  or  two 
before  the  large  space  telescope,  it  would 
mean  that  such  an  intermediate  program 
would  have  very  little  influence  on  the  LST 
itself. 

My  experience  with  the  space  field 
suggests  that  the  group  which  designs  the 
targe  space  telescope  will  probably  be  a 
different  group  from  that  which  has  designed 
an  intermediate  telescope.  If  any  one  thing 
can  be  predicted,  it  is  that  any  one  group  of 
engineers  is  likely  to  want  to  change  any 
design  decisions  made  by  any  other  group; 
hence,  to  make  an  intermediate  instrument  a 
detailed  scale  model  of  the  large  space 
telescope  would  make  no  practical  sense  at 
all.  To  answer  basic  technological  questions  in 
the  areas  that  will  be  important  to  the  LST  is 
the  more  useful  and  important  goal.  One 
possible  way  of  looking  at  an  intermediate 
step  is  as  a smaller  instrument  that  would 
involve  high  spatial  resolution  and  high 
spectroscopic  resolution.  This  would  get  us 
involved  in  the  problems  of  the  high  reso- 
lution mirror,  where  possibly  we  could 
consider  segmented  optics  and  some  figure 
control  system.  It  would  also  give  us  further 
experience  in  acquisition  and  guidance  and 
would  provide  an  important  introduction  to 
the  problems  of  detailed  thermal  design  in  a 
h«gh-resolution  instrument.  In  addition,  such 
a smaller  instrument  would  be  used  for  astro- 
nomical research  with  some  of  the  same 
detei'tors  that  we  hope  to  use  in  the  large 
space  telescope. 

The  main  uncertainty  I have  in 
envisioning  this  intermediate  step  is  whether 
we  would  use  man  or  not.  This  depends 
entirely  upon  what  the  NASA  Office  of 
Manned  Space  Flight  recommends  that  man 
be  used  for.  If  man  can  be  used  in  a minimum 
way  for  EVA  maintenance,  I hope  this  tech- 
nique can  be  worked  into  the  intermediate 
step.  On  the  other  hand,  if  man  is  going  to 
make  use  of  a large  enclosed  space  in  orbit,  it 
is  very  doubtful  that  it  would  make  sense 
economically  to  apply  this  technique  to  any 
instrument  smaller  than  the  fuU-^e  large 
space  telescope. 
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There  are  many  problems  in  this  area, 
but  I remain  confldent  that  the  large  space 
telescopes  of  the  future  will  constitute  one  of 


the  most  important  applications  of  space 
technology  for  the  enhancement  of  man’s 
knowledge. 
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Technology  Objectives  and  Plans 

Frank  J.  Sullivan  ^ 

NASA.  Office  of  Advanced  Research  and  Techno^^^l  0 


I represent  the  group  that  tries  to  create  and  push  forward  what  is  often  referred  to  as 
the  “state  of  the  art.’'  For  those  of  you  not  familiar  with  the  NASA,  i am  referring  to  the 
Office  of  Advanced  Research  and  Technology,  more  commonly  known  as  OART.  Because 
Brace  Lundin,  Acting  Associate  Administrator  for  OART,  could  not  be  present  at  this 
workshop,  he  has  asked  me  to  convey  to  you  three  important  points: 

1 . We  are  very  interested  in  telescope  technology; 

2.  We  intend  to  continue  to  work  to  solve  its  problems;  and 

3.  We  need  your  inputs  to  help  identify  the  major  problems  and  how  we  shou'd 
approach  their  solution. 

Astronomy  has  been,  and  continues  to  be,  one  of  the  NASA’s  most  promising  fields  of 
activity.  We  in  the  Office  of  Advanced  Research  and  Technology  look  forward  to  having  the 
opportunity  to  sponsor  and  to  support  the  technical  disciplines  that  will  further  observa- 
tional astronomy  - one  of  the  most  venerable  scientific  fields  and  yet  in  its  infancy  from 
the  point  of  view  of  new  productivity. 

Some  of  the  technology  problems  associated  with  astronomy  seem  amenable  to  solu- 
tion within  our  present  level  of  capability  and  are  presently  being  worked  on.  Examples  of 
these  are  active  optics  and  figure  sensors,  which  have  been  developed  and  demonstrated  in 
the  laboratory  but  which  are,  in  a sense,  crutches  or  partial  engineering  solutions  to  take 
care  of  another  class  of  problems.  These  are  the  problems  that  we  do  not  know  how  to  solve 
or  which  do  not  seem  likely  to  be  soluble.  One  example  is  the  construction  and  figuring  of  a 
2-  or  3-meter,  monolithic,  diffraction-limited,  pnmary  mirror  suitable  for  operation  in 
space.  Such  a mirror  would  solve  many  iJiability  and  long-life  problems  and  would 
probably  save  a great  deal  of  money.  To  solve  a problem  such  as  this,  we  normally  pursue 
two  avenues  — the  array  of  partial  solutions  and  the  search  for  ideal  materials  — at  levels 
based  upon  their  relative  likelihood  of  success.  We  intend  to  follow  such  a procedure  in  this 
particular  case. 

There  is  still  another  aspect  of  our  program  that  makes  life  and  decision-making 
interesting,  namely,  the  problem  which  will  be  solved  by  someone  else  and  handed  to  us  on 
a platter,  sometimes  right  in  the  middle  of  a development  program.  An  example  is  the 
availability  of  roan  for  maintenance,  for  equipment  changing,  and  also,  unfortunately,  for 
contaminating  the  space  through  which  we  view  astonomical  objects.  In  such  cases,  we  try 
to  plan  for  nil  eventualities  within  the  availability  of  funds,  space,  and  weight  and  hope  that 
our  tradeoffs  fit  the  final  facts  of  life. 

The  state-of-the-art  is,  of  course.,  constantly  changing;  this  is  demonstrated  in  the  series 
of  talks  prepared  fo’-  this  workshop.  It  is  our  aim  to  try  to  make  these  changes  fit  the  needs 
of  science,  of  the  nation,  and  of  mankind.  In  the  area  of  astronomy  and  technology,  no  one 
knoll's  these  needs  better  than  you  who  are  taking  part  in  this  workshop.  We  look  forward 
with  great  interest  to  the  results  of  your  deliberations  and  assure  you  they  will  be  used  in 
the  most  practical  ird  profitable  way  to  forward  the  state  of  the  techni^l  art  related  to 
astronomy. 
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The  OAO  Series  of  Space  Telescopes 


Joseph  Purcell 

NASA  Goddard  Space  Flight  Ce.iter 
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It  has  been  just  over  a decade  since  the 
Orbiting  Astronomical  Observatory  (OAO) 
has  been  conceived.  OAO-II  has  almost  com- 
pleted five  months  of  orbital  operations.  It 
has  been  an  outstanding  engineering  success, 
success  in  which  all  involved  can  take  justi- 
fiable pride  and  from  which  all  have  derived 
almost  complete  personal  satisfaction.  A brief 
overview  of  the  OAO  program  can  serve  as  a 
baseline  against  which  the  ideas  discussed  in 
this  workshop  may  be  judged. 

Pictorial  Description 

The  basic  structure  is  shown  in  figure  1. 


Under  all  the  shiny  skins  and  the  super  insula- 
tion is  a fairly  complex  structure.  Figure  2 
shows  the  Wisconsin  und  Smithsonian  Experi- 
ment Packages,  a cylinder  approximately 
10  feet  long  and  almost  4 feet  in  diameter, 
containing  1 1 instruments  on  OAO-Il.  On 
future  flights,  the  entire  volume  will  be  used 
for  single  telescope  systems.  Figure  3 shows 
the  obser/atory  and  the  alignment  facility.  All 
equipment  is  integrated,  and  super  insulation 


Figure  1.  OH)itingAstronomicol  Observatory  (OAO/  Figure!,  Combined  Wisconsin/Smithsonian  flight 
Structure.  telescope  system.^  for  OAO-II. 
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Figure  3.  OAO-II  in  optical  alignment  facility 
(August  1968). 

blankets  are  in  place.  The  OAO-II,  shown  at 
Cape  Kennedy  in  figure  4,  weighs 
4400  pounds  and  is  10  feet  high  and  21  feet 
across  the  solar  paddles.  We  can  see  the  Wis- 
consin sunshade  partially  opened  at  the  top  of 
the  observatory  ; two  of  the  six  star  trackers 
are  also  visible  at  the  top.  The  balance  booms 
are  caged  in  the  launched  position. 

Mission  Operations 

Although  this  workshop  is  devoted 
largely  to  space  hardware,  I would  like  to  dis- 
cuss mission  operations  because  they  are  far 
more  complex  than  the  spacecraft.  In  figure  5 
is  a projection  of  the  celestial  sphere  (showing 
the  sun’s  position)  as  it  was  two  weeks  after 
we  launched.  This  figure  basically  defines  the 
observing  capability  of  the  OAO  system.  The 
shaded  area  is  a 45-degree  restricted  zone 
around  the  sun.  Looking  closer  to  the  sun 
would  allow  it  to  come  over  the  top  of  the 
sunshade  and  into  the  telescopes.  It  takes 
three  months  for  that  a'ea  to  move  aside, 


Figure  4.  OAO-II  at  Cape  Kennedy  (October  1968). 


thereby  making  stars  in  that  region  available. 
We  have  made  observations  of  Venus  slightly 
inside  that  boundary  by  closing  the  sunshade 
during  the  daylight  portion  of  the  orbit  an«; 
opening  it  immediately  upon  entry  into  dark 
to  begin  taking  the  spectral  scans.  It  is  pos- 
sible to  look  in  the  20-degree  restricted  zone 
around  the  anti-sun  direction  but  only  for 
limited  times  because  of  a negative  power 
balance  at  those  attitudes.  The  black  line, 
called  the  flip  circle,  defines  the  hemispheres 
toward  and  away  from  the  sun.  The  space- 
craft must  be  rolled  180  degrees  to  maximize 
power  after  crossing  this  boundary.  Every- 
thing except  the  regions  so  marked  is  occulted 
by  the  earth  at  some  portion  of  the  orbit, 
thereby  causing  some  of  the  operational  com- 
plexity. 

Figure  6 shows  the  change  in  occultation 
pattern.  Each  block  represents  the  celestial 
sphere  shown  in  figure  5.  The  unocculted 
regions  have  been  removed  and  replaced  by 
the  earth.  There  are  only  1 0 minutes  separa- 
tion in  time,  progressing  from  left  to  right 
across  this  figure,  as  we  go  around  the 
100-minute  orbit.  In  the  upper  left-hand  pat- 
tern (top  row),  we  can  see  that  the  sun  is  still 
above  the  earth’s  horizon.  In  the  middle 
pattern  (top  row),  the  sun  has  set;  there  is  a 
totally  dark  earth.  A substantial  change  in 
pattern  is  evident  in  the  remainder  of  the 
patterns.  We  can  see  sun  again  coming  up  on 
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the  earth  30  minutes  av/ay.  Actually,  the 
picture  is  vorse  than  shown  in  this  illustration 
because  the  earth’s  atmosphere  must  be 
accounted  for.  The  star  trackers,  for  example, 
can  only  look  to  within  16  degrees  of  a bright 
earth  and  S degrees  of  a dark  earth.  The  com- 
puter, of  course,  has  to  know  which  tracker  is 
assigned  to  which  guide  star  as  these  condi- 
tions occur  and  when  to  include  it  in  the  loop 
or  take  it  out  of  the  loop.  This  change  in 
patterns  happens  14  times  a day.  It  is  impos- 
sible to  speed  up  a human  internal  clock  by 
that  amount;  thus,  computer-assisted 
advanced  planning  is  mandatory  to  conduct 
an  efficient  operation. 

The  ground  system  has  been  simplified 
in  figure  7.  On  the  left  is  the  astronomer  who 
uses  the  system,  which  has  several  computers. 
Goddard  uses  the  support  computer  for 
planning  purposes.  The  output  from  tliis  com- 
puter goes  to  the  control  center  computer. 


which  handles  the  real-time  operation 
processing  of  telemetry  and  command  data. 
There  are  three  types  of  data  links  that  con- 
nect the  control  center  to  the  remote 
stations;  cable,  high-frequency  radio,  and  one 
link  through  INTELSAT  to  Santiago.  In  the 
control  center,  we  have  data  in  real-time  and 
are  also  able  to  command  the  observatory 
even  though  the  contact  is  over  a remote 
station.  I would  like  to  emphasize  that  the 
astronomer  does  have  direct  control;  however, 
the  viewing  is  planned  in  advance  and  does 
not  require  any  real-time  “joy  sticking.”  The 
observatory  does  precisely  what  we  tell  it  to 
do.  In  fact,  OAO  is  not  a cold  and  impersonal 
system  but  rather  a unique  integration  of 
space  and  ground  systems  in  which  man’s 
intellect  has  a primary  role.  The  observatory 
will  not  function  unless  we  tell  it  precisely 
what  to  do;  improper  instructions  could 
destroy  it. 
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Planning  Sequence 

There  are  almost  500  man-years  of 
programming  in  this  software  system  for  the 
planning  function.  In  the  planning  sequence, 
the  astronomer  defines  the  regions  of  interest, 
and  the  support  computer  tells  him  which 
potential  targets  are  available.  From  these,  he 
selects  the  desired  targets  and  feeds  that  infor- 
mation back  to  the  computer,  wliich  prints 
out  the  related  parameters  on  the  taigets 
chosen.  These  parameters  include  when  the 
star  is  available,  where  the  radiation  belt  is, 
where  the  ground  stations  are,  and  all  of  the 
other  data  he  needs  to  know  to  construct  his 


observing  list.  With  these  parameters,  the 
astronomer  can  make  up  spedtic  instructions 
to  his  experiment  and  to  the  spacecraft.  After 
the  third  pass  through  the  computer,  he  has 
the  experiment  target  list;  i.e.,  a time-ordered 
sequence  of  events  that  the  observatory  vnll 
follow.  This  list  is  fed  back  into  the  computer 
for  a fourth  pass  so  that  the  operations  staff 
can  add  the  inputs  for  operating  the  ground 
stations  and  for  functions  associated  with 
housekeeping  on  the  observatory.  The  output 
of  the  computer  is  comprised  of  a command 
me^ry  load  for  the  spacecraft  and  real-time 
actions  that  the  ground  stations  will  carry 
out.  This  output  is  transferred  to  the  control 
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Figure  7.  Observatory  utilization 


center  computer  and  either  sent  out  in 
advance  to  remote  stations  or,  in  some  cases, 
commanded  directly  from  the  control  center. 
The  data  comes  back  into  the  center  when  we 
dump  the  observatory’s  data  storage  at  re- 
mote stations  for  quick-look  data  analysis  on 
magnetic  tapes  for  the  data-analysis  com- 
puter. We  have  the  capability  of  altering  the 
observing  profile  if  the  data  should  indicate 
that  to  be  desirable. 

The  support  computer  knows  all  the 
characteristics  of  the  spacecraft.  It  is  a com- 
pletely automated  system.  A few  of  the  con- 
straints that  the  computer  checks  are: 

• Target-to-sun  distance 

• Experiment  target  occulted 

• Command  memory  overflow 

• Dynamic  and  static  impingement 

• Sun-slew  path 

• Deviation  from  optimum  roll 

• Flip  angle  detected 

• Guide  stars  unavailable  for  slew 

• Gyros  required 

• Large  slews  required 

• Time  error  on  experimenter  target 
Ust  (ETL) 

• Contact  duration  less  than  5"* 


• Delayed  mode  interval  too  short 

• Real-time  slew  outside  contact 

Figure  8 is  a world  nap  with  a sub- 
satellite plot  for  the  first  flve  orbits.  We  have 
five  remote  stations  that  provide  from  one  to 
three  contacts  per  orbit.  The  orbit  period  is 
100  minutes,  llie  cross-hatched  area  is  the 
South  Atlantic  anomaly,  whose  location  the 
support  computer  knows.  We  do  not  try  to 
operate  the  Wisconsin  Experiment  in  that 
region  because  the  data  is  not  very  reliable. 

OAO  Current  Status 

'idle  pho'  '^aph  (fig.  9)  of  the  control 
room  shows  th^  display  board,  which  contains 
complete  observatory  status.  Adjacent  to  it  is 
the  experiment  equipment  where,  when 
experimenters  have  quick-look  data  coming 
in,  they  can  command  their  experiment 
directly.  They  request  permission  to  do  this 
from  ^e  project  operations  controller,  who 
enables  their  conunands  so  that  they  can 
operate  their  experiment  in  real-time. 

Extractions  of  data  from  the  weekly 
progress  report  shows  us  the  current  status. 
The  OAO  has  been  up  127  days.  The 
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Figure  8.  Sub-satellite  plot  for  first  five  orbits. 


Figure  9.  OAO  operations  control  center. 


Wisconsin  Experiment  Package  (WEP)  has 
looked  at  846  separate  pointings  in  which 
there  were  344  unique  objects;  frequently, 
they  would  look  at  an  object  and  then  look  at 
the  background.  The  Smithsonian  Astro- 
pb  'sical  Observatory  (SAO)  has  looked  at 
483  different  pointings  for  a total  of  1100 
pictures.  We  have  flipped  the  spacecraft 
1 1 limes. 


OAO  Pointing  Accuracy 

Table  1 presents  the  present  and  future 
performance  that  we  hope  to  obtain  from  the 
spacecraft.  We  had  a pointing  accuracy 
requirement  of  plus  or  minus  one  minute  of 
arc.  We  aligned  within  that  on  the  ground.  It 
shifted  during  launch,  as  expected;  thus,  when 
we  were  first  on  station  in  orbit,  we  had  some 
2-arc-minute  errors  pointing.  This  has  been 
reduced  to  plus  or  minus  30  arc  seconds 
through  a calibration  program. 

We  can  bias  the  angles  to  the  star 
trackers  to  account  for  misalignments.  With 
the  boresight  star  tracker  (BST),  we  can  point 
to  within  plus  or  minus  S arc  seconds.  On  the 
next  spacecraft,  with  the  fine  guidance  of  the 
experiment,  we  will  have  a 1 -arc-second 
pointing  capability  and  on  the  Princeton 
Experiment  Package  (PEP),  a 0.1-arc-eecond 
pointing  capability  in  one  a.ris. 

The  question  of  stability  always  arises. 
Figure  10  is  a reproduction  of  actual 
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Table  1.  OAO  Pointing  Accuracy 


Star-Tracker 
Coarse  Pointing 
Before  Calibration 

± 2 arc  min 

Star-Tracker 
Coarse  Pointing 
After  Calibration 

± 30  arc  sec 

Boresight  Star  Tracker 
(BST)  Pointing 

PA^  ^ ± 5 arc  sec 

Spacecraft  # 3 
Goddard  Experiment 
Package  (GEP)  Pointing 

P/Y  ® 1 arc  sec 
(2  mag.  star) 

Spacecraft  #4 
Princeton  Experiment 
Package  (PEP)  Pointing 

Pitch*  ±0.1  arc  sec 
Yaw  * ± 5 arc  sec 

Figure  10.  Spacecraft  under  GST  control 

telemetry  data.  The  spacecraft  is  under  con- 
trol of  the  gimballed  star  trackers  (GST’s), 
and  the  curve  in  the  figure  is  the  error  signal 
out  of  the  boresight  tracker,  an  independent 
measure  of  the  spacecraft  perfotmance. 
Conservatively  speaking,  we  have  a plus  or 
minus  3-arc-second  stability  with  a S-arc- 
second  resolution  on  the  shaft-angle  encoders. 
Dr.  Arthur  Code  has  offset  point  the  space- 
ciaft  to  the  slope  on  the  edge  of  his  fleld-of- 
liew  and  has  come  up  with  a number  closer  to 
1 arc  second.  In  any  case,  it  is  the  encoder 
resolution  on  the  star  tracker  that  sets  the 
limitation.  On  the  righthand  side  of  the 
flgure,  we  can  see  the  effect  of  a tracker 
reassignment.  We  switcheo  in  another  tracker 


because  the  one  that  was  previously  there 
would  have  been  occulted.  This  is  what  limits 
the  pointing  accuracy.  That  transient  will  not 
occur,  however,  when  we  are  under  the  bore- 
sight  control  or  gyro  control  and  will  not 
occur  on  subsequent  missions  when  we  are 
under  control  of  the  inertial  reference  unit  or 
the  experiment  fine-error  sensor  (FES). 

The  curve  in  figure  1 1 was  taken  from 
computer  runs  made  on  the  fourth-flight 
control-system  configuration.  We  predict 
0.02-arc-second  jitter  while  using  the 
Princeton  fine-error  sensor. 
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Figure  1 1.  Computer  runs  showing  PEP  pointing 
and  jitter. 

Another  important  parameter  is  settling 
time  after  slewing.  The  slew  rate  of  OAO  is 
6 degrees  per  minute.  For  a 6-degree  slew, 
figure  1 2 ^ows  that  we  had  predicted  on  the 
upper  curve  almost  1 minute  of  settling  time, 
equal  to  the  slew  time.  The  dashed  curve 
shows  what  we  actually  encountered  in  orbit; 
the  .ower  curve  shows  what  we  shall  get  as  we 


Hgun  12.  Open-loop  settUng-time  curve;  12H  percent 
wheel  speeds. 
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calibrate  the  slew  counts  for  the  coarse 
wheels.  We  can  do  this  in  the  support 
computer.  In  the  next  flight,  with  a closed 
loop  slew  under  control  of  an  inertial  refer- 
ence unit,  settling  time  becomes  negligible. 
This  is  represented  by  the  lowest  curve  in 
figure  12. 

The  rate  and  position  sensor  (RAPS)  is  a 
gyro  package  used  on  OAO  to  hold  attitude. 
The  specifications  on  the  gyros  were 
0.3-degree-per-hour  drift  rate.  For  the  first 
thousand  orbits  (fig.  13),  we  have  achieved 
between  0.05-  and  0.2-degree-per-hour  drift 
rate  on  these  gyros. 


02J 


40  200  360  600  1000 


OROITS 

Figure  13.  RAPS  drift  rate. 


Figure  14.  MIT  inertial  reference  unit  for  OAO. 


Figure  14  shows  the  inertial  package  for 
the  next  flight.  In  this  case,  we  use  precision 
gyros  from  MIT;  we  do  a closed  loop  slew 
that  allows  the  spacecraft  to  end  up  within 
the  field-of-view  of  the  experiment  and  allows 
us  to  predict  the  drift  rate  will  be  10  arc 
seconds  per  hour  after  compensation  in  orbit. 

On  the  fourth  flight,  we  will  fly  an  elec- 
tronically scanned  star  tracker  (ESST)  as  a 
controls  experiment.  We  fully  expect  to  go  to 
all  electronically  scanned  trackers  on  flights 
beyond  0A042. 


OAO  Thermal  Subsystem 

An  important  part  of  the  OAO  is  the 
thermal  subsystem.  The  average  temperature 
of  the  structure  is  plotted  in  figure  1 5.  The 
scale  along  the  bottom  is  the  beta  angle.  Beta 
zero  means  the  spacecraft  is  pointing  its  opti- 
cal axis  in  the  anti-sun  direction  and,  con- 
versely, Lcta  180  degrees  would  be  the 
spacecraft  pointing  at  the  sun.  We  can  see  the 
positive  power  region  from  beta  20  to  1 60 


Figure  15.  Average  structure  temperature  for 
OAO-A2. 

degrees.  The  structure,  used  to  control  the 
temperature  of  the  Wisconsin  Experiment,  is 
relatively  constant  as  a function  of  viewing 
angle  although  somewhat  sensitive  to  the 
percentage  of  sun  time. 

Figure  16  shows  the  effect  (shaded 
areas)  of  the  Wisconsin  Experiment  detectors 
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Figure  16.  Experiment  temperatures  for  OAO-A-2. 

when  they  are  coupled  to  the  stiucture.  They 
are  also  sensitive  to  the  aperture.  Both  detec- 
tors have  a considerably  higher  variation  than 
the  structure  and  are  totally  dependent  on  its 
variations  as  well  as  the  aperture  temperature. 
SAO  has  a considerably  wider  range  because  it 
is  insulated  from  the  structure. 

To  become  oriented  to  figure  17,  let  us 
imagine  we  are  lying  down  on  the  floor  of  the 
clean  room  looking  up  through  the  central 
tube  of  the  spacecraft.  We  can  see  three  heat 
pipes  that  have  been  installed  as  experiments 
on  the  next  flight.  We  are  flying  them  to  gain 
knowledge  on  how  to  provide  proper  thermal 
environments  for  large  telescope  systems. 
Figure  18  shows  a little  more  detail  of  the 
pipe  and  its  mounting  saddle,  which  is  bonded 
to  the  central  tube.  The  effectiveness  on  OAO 
is  somewhat  limited  by  the  thin  gauge  of  ihe 
central  tube  plus  the  less-than-lOO-percent 
saddle  contact.  In  the  future,  the  pipes  will 
become  somewhat  more  integral  to  the 
structure. 

In  figure  19,  the  structural  tcAmpcrature 
and  gradients  of  the  OAO-U  flight  and  the 
next  flight  arc  compared.  The  longitudinal 
station  is  at  the  bottom  of  the  figure,  and  the 
broad  band  represents  the  OAO-A-2  space- 
craft with  the  sun  on  the  B side  or  the  sun  on 
the  A side  of  the  spacecraft  imposing  a 
gradient.  The  circumferential  gradients  are 


Figure  1 7.  Heat  pipe  arrangement. 


Figure  18.  Heat  pipe  detail 

fairly  high  on  OAO-II  because  some  of  *he 

equipments,  such  as  the  batteries  and  the  tape 

recorder,  dumped  heat  into  the  structure.  ^ 

This  was  an  expediency  in  the  schedule  under 

which  we  y/ttj  operating  As  we  progress  to 

OAO-B,  we  shall  fully  insulate  the  structure. 

The  improvement  is  a considerably  reduced  { 

circumferential  gradient.  The  backend  of  the  | 

spacecraft  where  the  heat  pipes  are  has  I 


I 

I 
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Figure  19.  Temperature  of  central  tube  rektire  to 
average  structure  temperature. 


approximately  a 2-degree  circumferential 
gradient. 

Another  matter  of  considerable  concern 
to  us  before  launch  is  the  condition  of  the 
thermal  coatings,  which  are  Alzak  skins.  We 
were  worried  about  their  degradation  and 
invoked  a special  quality  control  program  to 
check  them.  Samples  were  punched  out  of 
each  of  the  flight  skins;  these  samples  were 
checked;  and,  if  any  skin  did  not  meet  qiecifh 
cations,  it  was  rejected  for  flight  use.  In 
figure  20,  the  solar  absorption  has  been 
plotted  on  the  left  against  the  equivalent  sun 
hours.  We  flew  several  samples  on  an  Applied 


P^ure  20.  Akak  degrodathn  compatkon. 


Technology  Satellite  (ATS).  We  can  readily 
see  the  degradation  from  the  unshielded 
sample  and  the  shielded.  The  lowest  curve 
represents  le  data  that  we  have  been  getting 
on  OAOIl;  it  presents  no  problem  after  well 
over  a year’s  life. 

OAO  Power  System 

Another  important  subsystem  is  the 
power  system.  In  flgure  21,  looking  at  beta 
angles  once  again,  we  can  sen  that  the  array 
output  scribes  a butterfly-shap  • ' curve  as  the 
spacecraft  is  pointed  at  th<^  rious  angles. 


Figure  21.  OAO-Il;  power  subsystem  load  capability 
(actual!  and  YX>rt<ase  predktkms. 


This  occurs  because  the  array  is  fixed.  It  is 
evident  that  at  'auuch  we  had  a considerable 
margin.  The  3-month,  6-month,  ano 
12-month  curves  are  oiu  worse-case  predic- 
tions on  degradation.  The  shadowed  area  is 
the  range  in  which  we  normally  operate  for 
power.  Battery  charge  control  is  a very  diffi- 
cult ta«3c  when  the  load,  the  array  output,  and 
the  battery  temperature  can  all  >;^ry;  howevr  . , 
the  system  is  working  extremely  well.  We  are 
using  the  voltage-sensing  system  to  limit  the 
charge.  We  have  ampere-hour  integrators  and 
anhydrodes  as  backup.  In  the  OAO-B,  we 
shall  continue  to  have  single-sided  operation 
of  the  spacecraft.  Solar  cells  are  on  only  one 
side  of  the  arrays.  We  no  longer  will  have  the 
butterfly  curve.  The  beta  angle  is  somewhat 
limited  at  the  higher  angles  (fig.  22). 
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very  difficult  to  test  on  the  ground;  hence,  we 
shall  be  testing  it  only  in  orbit.  We  expect  it 
to  make  substantk'  improvement.  If  it  allows 
us  to  operate  in  daylight,  and  it  should,  then 
we  will  almost  double  the  o’  .erving  time. 
Another  advantage  is  that  it  provides  almost  a 
constant  aperture  temperature  for  the 
experiment. 

Reliability  Estimates 


. Figure -U.  04  0-B:  povtvrsubsyttem  had  capability 
i.-  (nominal). 

i-. 

%■ 

f Baffle  Development 

f- 

Before  launching  OAO-II,  we  recognized 
that  the  scattered  light  would  very  likely  be  a 
problem.  It  was  not  feasible  to  do  anything 
about  it  for  OAOIl  because  we  had  a double- 
ended  experiment  looking  out  of  both  ends  of 
the  spacecraft  and  any  change  would  have 
delayed  the  program.  We  did,  however,  start 
baffle  development  for  the  next  two  flights. 
Figure  23  shows  the  first  '!ght  baffl'*.  It  is 


Figure  24  shows  the  OAO  6 in  the  clean 
room  at  the  Goddard  Space  Flight  Center, 
where  it  is  undergoing  equipment  and  experi- 
ment integration.  Our  first  concern  for  the 
future  is  OAO-II.  Althougli  I have  never 
attached  much  importance  to  reliability  esti- 
mates, except  in  a relative  sense,  I have 
attempted  to  quantify  the  actual  experience 
on  a number  of  Goddard  satellites.  Figure  25 
is  a plot  of  this  experience  but  excludes  the 
experiments  and  the  first  launch.  It  shows  the 
reliability  of  spacecraft  systems  after  the  first 
launch.  On  the  abscissa  we  car.  see  the  year  of 
hunch  and  the  average  design  life  at  that 
time. 
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Figure  25,  GSFC  satellite  performance  verms  design 
life  by  year  ratio. 

'fit,  have  averaged  over  twice  the  design 
life  in  orbit.  The  design  life  on  OAO  is  one 
year.  Figure  26  presents  a reliability  projec- 
tion for  OAO  ^ed  upon  a 6-month  suc- 
cessful, prelaunch  operation.  Prior  to  launch, 
Grumman  used  MIL  handbook  rates  and  pre- 
dicted a 0.0001  probability  for  meeting  the 
1-year  objective.  If  we  factor  in  failure  rates 
from  the  Orbiting  Geophysical  Observatory 
(OGO)  in-orbit  experience,  the  probability 
increases  to  0.2.  If  we  grossly  factor  in  the 
experience  from  other  Goddard  satellites,  the 
probability  increases  to  0.67.  The  solid  black 
curve  is  the  demonstrated  reliability  of 
OAO-II.  We  are  now  almost  at  the  S-month 
mark,  which  can  be  interpreted  two  ways: 
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Figure  26.  OAO  II:  reliability  based  on  in-orbit  time 
plus  six  months  prelaunch  operation. 


(l)we  have  a 34-percent  chance  of  lasting 
an..iher  year  from  this  point  or  (2)  if  we  fail 
now  and  launch  another  OAO,  it  would  have 
a 34-percent  chance  of  lasting  a year.  The 
broken  curve  shows  the  probability  of 
completing  a 1-year  operation  in  orbit.  In  any 
case,  we  now  have  a 50-percent  probability. 
We  do,  however,  have  sufficient  confidence  in 
OAO-II  to  modify  the  control  centers  to 
handle  two  OAO’s  in  orbit  at  the  same  time. 

If  we  ignore  random  failures,  what 
factors  might  limit  OAO  life?  Our  solar  array 
degradation  appears  to  be  no  problem;  ther- 
mal coating  degradation  is  also  no  problem. 
We  have  an  abundance  of  gas  supply.  The  star 
trackers  have  shown  only  a slight  decrease  in 
sensitivity.  We  recently  went  through  an 
exercise  to  look  through  1 9 dimmer  stars  and 
have  added  these  to  the  catalog  of  guide  stars 
that  we  can  use;  we  see  no  problem  from  this 
very  slow  degradation  of  sensitivity  of  the 
trackers.  There  are,  of  course,  such  questions 
as:  will  the  gyro  wear  out  or  will  the  gimbals 
on  the  star  trackers  malfunction?  These  are 
hard  to  answer,  but  thus  far  they  present  no 
significant  problems.  Although  there  has  been 
some  rather  naive  talk  about  maintainable 
systems,  we  certainly  should  avoid  making 
programmatic  decisions  of  this  nature  on  the 
basis  of  reliability  predictions. 

OAO  Evolution 


OAO  is  not  a static  problem.  We  have 
increasingly  difficult  telescope  systems.  The 
pointing  accuracy  and  stability  increases  an 
order  of  magnitude  between  each  fli^t. 
Figure  27  summarizes  data  pertaining  to  the 
evolution  of  OAO.  We  are  progressing  through 
an  equipment  evolution  where  we  advance 
from  stellar  to  inertial  control,  where  v'e 
phase-in  electronically  scanned  star  trackers, 
where  we  add  the  light  baffle  to  the  configu- 
ration and  go  to  the  sin^e-sided  operation 
with  an  onboard  computer  and  a number  of 
other  improvements.  In  the  present  program, 
we  are  basically  test  flying  components  that 
we  shall  need  in  the  future.  We  anticipate  an 
electrical  reconfiguration  on  the  spacecraft 
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Figure  27.  OAO  evolution. 


for  OAOD  and  a structural  and  thermal 
reconfiguration  for  OAO-E. 

Future  OAO  Program 

We  have  discussed  the  reality  of  today 
and  some  of  the  improvements  of  the  near 
future.  The  OAO  program,  as  now  structured, 
will  have  two  more  launches,  the  Goddard 
Experiment  Package  (GEP)  in  1970  and  the 
Princeton  Experin:8nt  in  1971.  The  Apollo 
Telescope  Mount  (ATM)  is  scheduled  for 
1972;  it  should  answer  the  question:  What 
can  man’s  intellect  in  space  contribute? 

But  what  lies  beyond?  We  have  studied 


various  advanced  configurations  for  larger 
systems  up  to  the  120-inch  system.  We  know 
tluit  it  was  more  difficult  to  go  from  nothing 
to  OAO  than  it  will  be  to  evolve  into  the 
future.  I am  confident  that  the  OAO  space- 
craft systems  can  be  scaled  up  to  meet  future 
needs.  We  intend  to  concentrate  on  the  more 
difficult  problems  of  the  telescope  and  detec- 
tor systems;  however,  there  does  not 
presentiy  exist  a viable  program  after  the 
scheduled  OAO’s  and  ATM’s. 

How  can  you  contribute?  First,  recog- 
nize that  building  a reliable  space  system  is  a 
tougli  job.  As  scientists,  do  not  hinder  these 
systems  with  unreasonable  requirements.  As 
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engineers,  do  not  blindly  accept  those  require- 
ments; question  them.  Second,  be  sure  that 
any  new  system  is  optimized  for  astronomy. 
We  have  heard  much  discussion  of  future 
systems.  We  have  a lunar  landing  system  that 
has  been  optimized  for  that  purpose.  People 


may  argue  about  the  objectives,  but  it  is  an 
optimized  systera  Third,  recognize  that 
multiple  objectives  in  one  mission  always  con- 
flict and  can  easily  delay  and  dimiaish  the 
scientific  results. 


One  Concept  for  a 3-Meter-Class  Space  Telescope 

David  Bogdanoff 
The  Boeing  Company 


The  present  paper  summarizes  the  con- 
cept for  a 3-meter  orbital  telescope,  which 
was  developed  for  NASA  by  The  Boeing  Com- 
pany under  a contract  that  spanned  the 
period  of  1964  to  1966.  Although,  during  the 
time  that  has  elapsed  since  the  termination  of 
this  contract,  considerable  work  has  been 
done  in  certain  technical  areas  that  suggests 
solutions  different  from  those  posed  in  this 
paper,  a discussion  of  the  overall  concept,  the 
system  interfaces,  and  the  solutions  to  some 
of  the  unique  problems  will  provide  back- 
ground for  some  of  the  discipline-related 
papers  being  presented  at  this  workshop. 

The  main  objective  of  the  investigation 
was  to  develop  a concept  for  a large,  high 
performance,  orbital  observatory  that  would 
s'-ve  as  a goal  for  the  NASA  program  in  the 
iield  of  Optical  Astronomy.  In  addition,  the 
accompanying  engineering  studies  and 
analyses  would  indicate  areas  where  state-of- 
the-art  technology  advances  were  necessary 
for  the  development  of  such  a system. 

The  investigation  was  constrained  by 
four  ground  rules: 

1.  Telescope  aperture:  120  inches 

2.  Boost  vehicle  for  low  earth  orbit: 
Saturn  1 B 

3.  Diffraction-limited  performance 

4.  Multipurpose,  including  imagery, 
photometry,  and  spectroscopy. 

Many  of  the  design  requirements  of  such 
a system  are  relatively  independent  of  the 
method  of  orbital  operations.  In  general, 
these  requirements  are  associated  with  the 
basic  telescope  optics,  experiment  equipment, 
the  cabin,  and  the  primary  structure  that  ties 
these  elements  together.  This  part  of  the 
vehicle  can  be  termed  tlie  baseline  telescope 


configuration.  The  design  requirements  asso- 
ciated with  orbital  operations  can  be  handled 
by  the  addition  of  interface  structure  and  sub- 
systems to  the  baseline  configuration. 

The  approach  taken  in  developing  the 
baseline  configuration  was  to  generate  the 
observational  requirements  very  early  in  the 
program  with  the  aid  of  the  consultant  ser- 
vices of  Dr.  Z.  Kopal.  These  requirements 
were  then  used  as  guidelines  in  developing  the 
telescope  optics  and  instrumentation.  As  the 
investigation  progressed,  further  iterations 
were  made  using  the  works  of  Code  and 
Fredrick.  As  a result,  a Cassagrainian  type  of 
optical  .configuration  was  chosen  with  two 
alternate  secondary  mirrors  and  the  flat- 
folding  mirrors.  TTiis  system  is  illustrated 
schematically  in  figure  1 . 

Even  in  development  of  the  optical 
schematic,  the  interface  problems  between 
the  optical  system  and  the  structural  design 
become  apparent.  These  interface  problems 
influenced  the  selection  of  the  optical  system 
geometry  by  imposing  the  following  require- 
ments: 

1.  The  size  of  the  secondary  mirror 
and  its  mounting  structure  was  restricted  to  a 
permissible  light  blockage  of  the  primary 
mirror.  A 39.6-inch  diameter  was  used  as  the 
maximum  acceptable  for  the  secondary 
mirror  and  housing.  This  corresponds  to  an 
obscuration  ratio  equal  to  0.33. 

2.  The  folded  light  paths  at  the 
Cassagrainian  focus  had  to  be  compatible  with 
a folding  mirror  and  the  equipment  installa- 
tion arrangement. 

The  length  of  the  folded  light  paths  that 
could  be  handled  within  the  cabin  determined 
the  final  location  of  the  secondary  mirrors 
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Figure  1.  Optical  schematic. 


relative  to  the  primary  mirror.  Selection  of 
the  experiment  eijuipment  arrangement  and 
the  folding  mirrors  were  the  dominating 
factors  in  determining  the  size  and  shape  of 
the  cabin. 

In  the  development  of  the  baseline  con- 
figuration, the  strong  interfaces  among  the 
structural,  optical,  and  thermal  systems 
became  even  more  apparent.  The  baseline 
configuration  shown  in  figure  2 is,  therefore, 
a compromise  to  satisfy  the  requirements 
imposed  by  such  problems. 


The  design  is  based  upon  the  geometry 
fixed  by  the  f/4  primary  mirror  optical  sys- 
tem and  upon  the  requirements  for  a struc- 
tural and  thermal  arrangement  that  can  both 
satisfy  the  launch  loads  and  provide  accept- 
able thermal  and  dynamic  characteristics  for 
orbital  operation. 

A double-shell  tubular  structure  is  used 
for  housing  the  telescope  mirrors.  The 
exterior  shell,  which  is  separated  from  the 
interior  shell  by  layers  of  super  insulation,  is 
attached  to  the  forward  end  of  the  cabin  and 


Figure  2. 12Mndt  manned  orbiutl  tekseope,  basettne  eonftgurathn. 
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extends  the  full  length  of  the  telescope.  The 
inner  shell  of  the  double  wall  design  is  the 
main  structure,  which  supports  or  ties 
together  all  elements  of  the  optical  systems. 
The  complete  inner  shell,  mirrors,  mirror  sup- 
port structure,  and  platen  for  mounting  the 
scientific  instruments  are  attached  to  the 
cabin  by  a six-bar  cantilever  truss.  The  truss  is 
connected  to  the  cabin  at  three  structural 
attachment  points.  The  overall  arrangement 
of  the  two  shells  and  three-point  mounting  is 
used  to  decouple  the  optical  system  froi.\  the 
outer  shell  and  cabin  for  thermal  isolation  and 
to  minimize  mechanically  induced  structural 
distortions.  The  three-point  mounting  permits 
the  plane  of  the  attachment  points  to  tUt 
v/ithout  inducing  stresses  into  the  optical 
support  structure. 

The  secondary  mirrors,  located  at  the 
forward  end  of  the  telescope,  are  mounted  in 
a control  cell  supported  by  four  radial-truss 
type  of  spokes  attached  to  the  inner  shell 
structure.  An  examination  of  the  performance 
requirements  revealed  the  criticd  nature  of 
the  alignment  problems  of  the  secondary  mir- 
rors with  respect  to  the  primary  mirror  and 
instruments.  Accordingly,  the  control  cell 
provides  a five-axis  automated  control  for 
aligning  the  secondary  mirrors.  Figure  2 also 
depicts  a mechanism  for  removing  and  storing 
the  f/15  secondary  mirror. 

To  obtain  the  desired  shading  from  earth 
radiation  while  keeping  within  a reasonable 
height  for  the  launch  configuration,  a tele- 
scoping section  is  used  at  the  forward  end. 
This  section  is  extended  and  fixed  into  posi- 
tion after  the  vehicle  is  in  orbit.  The  earth 
shade  was  incorporated  into  the  baseline  as  a 
result  of  the  thermal  analysis.  The  purpose  of 
the  shade  is  to  place  the  secondary  mirrors 
and  doors  inboard  of  the  end  of  the  telescope 
shell,  which  is  exposed  to  Earth  radiation. 
The  doors  in  the  open  position  should  be  in  a 
uniform  temperature  zone  so  that,  when  they 
are  closed,  they  have  little  thermal  effect  on 
the  primary  mirror.  In  the  closed  position,  the 
doors  also  require  thermal  insulation  to  con- 
trol their  heat  transmission  when  their  outer 
surfaces  are  exposed  directly  to  the  Earthr 


emitted-and-reflected  radiation  in  the  daylight 
half  of  the  orbit. 

The  primary  mirroi  (which,  in  this  con- 
cept, was  of  a beryllium  honeycomb  construc- 
tion) is  mounted  on  three-point  tangent  bars, 
designed  to  minimize  heat  shorts  and  struc- 
tural distortions.  During  boost  to  orbit,  the 
primary  mirror  is  structurally  decoupled  from 
the  tangent-bar  mounting  and  is  floated  on 
pneumatic  bladders  to  insure  that  the  mirror 
will  retain  its  figure.  There  are,  however, 
practical  problems  involved  in  the  use  of 
pneumatic  bladders  for  boost  and  also  in  the 
engagement  of  the  tangent  bars  in  oibit  with- 
out damage  to  the  mirror  or  degradation  to  its 
figure.  This  is  an  area  where  further  research 
is  recommended. 

The  platen  to  which  the  experiment 
equipment  is  mounted  is  located  inside  the 
cabin  but  is  not  structurally  mounted  on  it.  A 
flexible  bellows  is  shown  (fig.  2)  between  the 
platen  tubular  support  and  the  cabin  bulk- 
head. This  permits  the  cabin  bulkhead  to  be 
deflected  by  pressure  and  temperature  varia- 
tion without  producing  strains.  The  cabin  is  a 
cylinder  with  a flat,  pressure  type  of  bulkhead 
on  each  end.  This  shape  provides  volume  and 
space  in  which  a feasible  arrangement  can  be 
provided  for  mounting  the  scientific  instru- 
ments and  for  accommodating  the  crew. 

A launch  configuration  installed  on  top 
of  the  SIV  stage  of  the  Saturn  IB  is  shown  in 
figure  3.  The  telescope  is  packaged  within  a 
jettisonable  boost  shroud,  similar  to  the  de- 
sign of  the  Apollo  Lunar  Module  Adapter. 
The  boost  shroud,  which  includes  the  nose 
cone  section,  is  jettisoned  after  the  first-stage 
burnout  of  the  Saturn  IB.  By  this  technique, 
the  payload  to  orbit  is  only  penalized  by  ap- 
proximately 12  percent  of  the  actual  weight 
of  the  boost  shroud,  and  the  telescope  pri- 
mary structure  need  only  satisfy  the  boost 
inertial  loads  and  the  actual  orbital-operation 
design  requirements.  The  telescope  is  sup- 
ported on  top  of  the  SIVB  by  a truss  type  of 
structure  that  transfers  the  fli^t  inertial  loads 
to  the  outer  booster  structure  at  six  hard- 
attachment  points.  Separation  of  the  tele- 
scope from  the  SIVB  is  also  effected  at  these 
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attachment  points,  which  are  located  at  the 
same  separation  plane  as  that  used  for  the 
jettisonable  boost  shroud. 

In  fligjil  to  orbit,  the  SIVB  places  the 
telescope  into  a phasing  or  holding  orbit.  The 
SIVB  is  the.n  separated  from  the  telescope, 
and  two  1000-pound  thnist  rockets  are  used 
to  perform  the  orbit  transfer  associated  with 
rendevous  maneuvers.  This  telescope  concept 
was  originally  conceived  to  operate  in  con- 
junction with  a space  station,  either  attached 
to  it  or  operating  in  the  vicinity  of  it.  Figure  3 
shows  some  of  the  gimbal  support  structure 
for  attaching  the  telescope  gimbals  to  the 
space  station.  Iliis  gimbal  structure  would 
only  be  present  in  the  designs  where  the  tele- 
scope was  to  be  operated  when  attached  to  a 
space  station.  There  would  also  be  a remov- 
able boost  structure,  for  example,  to  protect 
the  instrumentation  mountings  on  the  platen 
and  the  telescope  nu'rrors  during  boost.  This 
structure  would  be  removed  after  boost  and 
before  orbital  operations.  The  effective 
launch  mass  of  this  configuration  on  the 
Saturn  IB  is  27,819  pounds. 


The  conceptual  design,  shown  in 
figure  4,  is  the  orbital  configuration  of  the 
telescope  when  it  is  detached  for  astronomical 
observation.  In  this  concept,  it  is  presumed 
that  the  telescope  will  be  visited  periodically 
for  maintenance,  for  setting  up  of  new  experi- 
ments, and  for  the  retrieval  of  film.  It  is  not 
manned,  however,  during  telescope  operation. 
This  detached  mode  of  operation  is  required 
to  have  the  following  onboard  subsystems: 
reaction  jets  to  supplement  the  control 
moment  gyro  system  for  target  pointing,  pro- 
pulsion for  orbit  keeping,  an  electrical  power 
system,  and  electronic  systems  for  communi- 
cations, data-handling,  and  attitude  control. 

The  electrical  power  supply  is  a solar 
cell/battery  system.  Shown  in  figure  4 are  two 
foldout  solar  panels,  which  are  sun-oriented 
by  articulation  of  the  panels  about  one  axis 
and  the  rolling  of  the  telescope  for  the  second 
axis  of  control.  The  panels  are  locked  in  a 
fixed  position  for  astronomical  observaticas. 

Four  clusters  of  variable-thrust  reaction 
jet  subsystems  are  used  for  all  required  pro- 
pulsion associated  with  attitude  control  and 
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Figure  S.  Launch  conflguratlon,  soft  gimbal  mode. 
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Figure  4.  Detached  orbital  configuration  (unmanned  during  experiment  observations). 


space  maneuvering  functions  except  iniual 
rendezvous.  A throttling  ratio  of  approxi- 
mately 10  to  1 is  required  to  cover  the  range 
between  low  torque  thrusters  for 
control-moment  gyro  desaturation  and  the 
thrust  levels  used  for  docking.  The  propellant 
tanks  for  the  reaction  control  system  are 
located  on  the  center  of  gravity  of  the  vehicle 
pitch  and  yaw  axis,  'rhis  location  minimizes 
the  center-of-gravity  shift  with  propellant 
usage.  Two  1000-pound-thnist  rocket  engines 
located  at  the  aft  end  of  the  cabin  are  used 
for  the  orbit  transfer  functions  associated 
with  initial  rendezvous.  Some  of  the  antennas 
required  for  communication  and  guidance  are 
also  indicated  on  figure  4. 

The  cabin,  shown  in  figure  5,  is  arranged 
with  all  the  scientific  optical  iiuttruments 
mounted  on  a rigid  base  or  platen  located  in 
the  forward  section  adjacent  to  the  telescope. 
The  supporting  subsystems  are  located  around 
the  periphery  in  the  aft  section.  The  platen  is 
a cantilever  structure,  physically  supported 
from  the  optical  system  support  base  by  a 
tubular  section  extending  thru  the  cabin  bulk- 


head. Xke  only  physical  attachment  between 
the  platen  structure  and  the  cabin  is  a bellows 
located  around  the  platen  support  tube.  Tliis 
design  feature  is  used  to  protect  the  alignment 
of  the  scientific  instruments  with  the  main 
telescope  optics. 

The  instruments  are  positioned  radially 
around  folding  mirrors  on  an  arc  formed  by 
the  focal  point  as  the  minors  are  rotated.  The 
light  beam  from  the  telescope  proper  is  folded 
once  for  the  f/lS  experiments  and  twice  for 
the  f/30  experiments.  The  primary  folding 
mirror  folds  the  light  90  degrees,  making  the 
light  rays  parallel  with  the  mounting  platen. 
The  mirror  can  be  rotated  about  the  telescope 
optical  axis,  thus  aligning  the  focal  plane  with 
a selected  instrument  for  f/lS  observation. 

A secondary  folding  mirror  is  used  in 
coitjunction  with  the  f/30  secondary  mirror 
to  provide  for  the  f/30  instruments  positioned 
radially  with  respect  to  the  secondary  folding 
mirror. 

Qearance  from  the  surface  of  the  platen 
to  the  cabin  ceiling  is  approximately 
iS9  inches,  which  provides  an  average  of 
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LOW  OISPEASION 


Fifftre  5.  Scientific  instrurmrt  arrangement. 


40  inches  clearance  above  the  instruments  in 
which  the  crewmen  can  maneuver  in  a zero 
gravity  environment.  Ail  subsystem  compo- 
nents are  arranged  in  the  upper  section 
around  the  periphery  of  the  cabin.  The  sub- 
systems provided  in  the  cabin  include  com- 
munications, data-recording,  guidance  and 
control  electronics,  and  emergency  pressuriza- 
tion. 

A docking  cone  and  mecitanism  is  pro- 
vided at  the  cabin  end  of  the  telescope.  A 
pressure  hatch  to  seal  the  cabin  at  the  inter- 
face with  the  telescope  is  incorporated  within 
the  platen.  It  is  remotely  actuated  and  the 
seal  accomplished  prior  to  cabin  pressuriza- 
tion. A small,  3-inch-diameter,  o;>tically  flat 
'■dndow  is  located  in  the  center  of  the  pres- 
sure hatch  to  allow  the  passage  of  a beam  of 
light  for  gross  alignment  of  the  scientific 
instruments  when  the  cabin  is  pressurized. 

The  problem  of  the  alignment  of  the 
secondary  mirron  with  respect  to  the  primary 
minor  presented  some  unique  problems  for 
such  a high  performance  system.  An  analysis 
was  made  of  the  permissible  tilt  and  lateral 
displacement  misalignments  from  the  stand- 
point of  coma  and  astigmatism;  the  results  are 
shown  in  figure  6.  The  thermal  distortion 


analysis  of  the  supporting  structure  for  the 
secondaries  indicated  that  these  tolerances 
would  be  exceeded  by  any  passive  design  that 
was  investigated.  It  was  therefore  decided  to 
incorporate  an  automated  control  system  for 
the  tilt  and  lateral  displacement. 

Position  control  of  the  secondary  mir- 
rors requires  alignment  sensors  located  on  the 
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Figure  6.  OptktU  tyttem  tounnees:  tUt  end  ktenl 
displocement  tolerance  of  secondary  ndrror. 
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primary  mirror  for  each  axis  of  control. 
Figure  7 shows  the  conceptual  design  of  a 
secondary  mirror  installation  developed  for 
the  baseline  telescope  configuration. 

The  main  design  features  of  the  support 
and  positioning  are: 

• A four-legged  rigid  truss  attaching 
the  secondary  mirror  carriage  to  the  inner 
telescope  wall. 

• Both  mirrors  mounted  in  a com- 
mon control  cell  that  has  S degrees  of 
position  control.  The  position  target  element 
required  for  alignment  sensing  is  mounted  on 
each  mirror  to  eliminate  position  tolerances 
between  the  mirrors  and  the  cell  structure. 

• Rotational  and  translational  geome- 
try established  by  three  flexure-pivoted  struts 
aligned  with  the  optical  axis.  Two  of  these 
struts  can  be  extended  to  induce  tilt  motion, 


and  the  entire  three-strut  flexure  system  can 
be  translated  by  two  additional  strut  actua- 
tors grounded  on  the  inner  telescope  tube. 

• Focus  adjustment  accomplished  by 
positioning  a sin^e  control  actuator  that 
moves  the  mirror-mounting  structure  along 
tubular  splined  ways. 

• A single  electric-motor-driven  jack 
screw  employed  for  positioning  each  of  the 
S degrees  of  mirror  freedom  provided. 

The  support  of  the  primary  mirror  has 
been  dealt  with  primarily  from  the  structural 
standpoint.  An  interrelated  problem  is  the 
distortion  of  the  mirror  in  orbit  due  to 
thermal  gradients.  Some  idea  of  the 
magnitude  of  this  problem  can  be  gained  by 
examining  the  results  of  the  thermal  balance 
and  the  resultant  structural  deflections  on 
such  a telescope. 


flexure  mounted  strut o>  rotational  mode- 
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Flgun  7.  Secondary  minor  uipport  and  aUgnment  syttem. 
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A passive  optics  approach  was  taken  for 
the  primary  mirror;  therefore,  the  thermal 
distortion  was  of  particular  significance.  A 
three-dimensional  time-dependent  analysis  of 
heat  transfer  through  the  telescope  structure 
was  conducted.  The  thermal  model  of  the 
telescope  was  relatively  complex,  and  a fairly 
fine  model  mesh  was  considered  necessary  to 
simulate  accurately  incident  radiation  from 
the  Earth  and  Sun  and  radiant  exchange 
between  elemental  areas  of  telescope  struc- 
ture with  other  structures  and  with  space. 

The  temperature  patterns  on  the  primary 
mirror  were  computed  for  two  different 
cases:  one  in  which  the  mirror  continuously 
viewed  space  and  one  in  which  the  primary 
mirror  alternately  views  space  and  the  sunlit 
Earth.  The  three-dimensional  carpet  plot  of 
figure  S shows  the  temperature  patterns  of 
the  front  and  back  face  of  the  mirror  for  a 
1 20-degree  pie-shaped  segment  of  the  mirror 
in  the  continuously  viewing  case.  Very  similar 
results  were  obtained  for  the  intemiittent 
viewing  case  provided  the  front  doors  were 
closed  during  the  time  when  the  telescope  was 
on  the  sunlit  side  of  the  Earth.  The  hump  in 
the  carpet  plot  at  60  degrees  is  due  primarily 
to  the  transmitted  heat  flow  through  the 
tangent  bats.  The  thermal  distortions  were 
computed  by  analyzing  a structural  ideal- 
ization of  the  mirror;  this  idealization  was 
based  upon  a number  of  simple  structural 
elements  joined  at  the  nodes.  The  temper- 
ature pattern  supplied  inputs  at  the  structural 


nodes.  The  surface  deflections  are  shown  in 
figure  9. 


Figure  9.  Primary  mirror  thermal  deflections; 
continuous  niewir^  condition. 


To  evaluate  the  consequences  of  these 
distortions,  a least  squares  paraboloid  was  fit 
to  the  data  and  the  r<iis  derivation  coniputed. 
It  was  found  that  the  resultant  focal  length 
change  was  0.00946  inch,  and  the  resultant 
rms  deviation  from  the  paraboloid  figure  was 
X/36  at  5000  angstroms.  Although  this  result 
was  satisfactory,  it  was  achieved  by  taking 
detailed  precautions  in  virtual)''  all  aspects  of 
telescope  design  to  keep  the  primary'  mirror  in 
an  isothermal  condition.  In  practice,  these 
design  features  woulo  be  difficult  to  achieve. 
The  use  of  a material  with  a high  dimensional 


Figure  & Mirror  temperature  distribution;  continuou  space  viewing 
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The  fine  pointing  and  stabilization  of  the 
telescope  presented  one  of  the  most  difflcult 
design  problems  of  the  whole  concept.  The 
nature  of  the  fine  pointing  requires  a very 
close  interface  with  the  telescope  and  the 
scientific  instrumentation  design;  hence,  each 
of  the  observational  programs  was  reviewed  to 
determine  the  various  possible  instrument 
configurations  and  the  advantages  and  disad- 
vantages of  each.  Figure  10  summarizes  the 
most  stringent  of  these  requirements  as  well 
as  the  requirements  for  the  other  functions 
the  attitude  control  system  must  perform. 


• IK'TIAL  STABILIZATION 

ATTITUDE 

RATE 

• REORIENTATION 

• COARSE  POINTING 

a INTERMEDIATE  POINTING 
PITCH/YAW 
ROLL 

a FINE  POINTING 
PITCH/YAV* 

ROLL 


10.25  DEG 
tOM  OEG/SEC 

5 DEG/2  MIN 

13  ARC  MIN 


12  ARC  SEC 
14  ARC  SEC 

10.2  SEC  OFF-AXIS  ACCURACY 

10.01  SEC  ON-AXIS  ACCURACY 

10.01  SEC  STABILITY 
«4SEC 


Figure  10.  Control  requirements. 

The  attitude  control  system  proposed 
for  the  telescope  is  shown  in  block  diagram 
form  in  figure  1 1.  The  system  provides  auto- 
matic stabiluation  of  the  residual  angular 
rates  of  the  telescope  upon  separation  from 
the  booster  and  injection  into  orbit.  During 
these  periods,  the  gyro  reference  system  and 
the  reaction  jets  are  used.  After  orbit  has  been 
achieved,  a stellar  reference  is  acquired 
through  a programmed  roll-search  procedure 
to  establish  a coarse  pointing  mode  in  which 
the  attitude  reference  is  obtained  from  star 
trackers  and  control  torques  are  generated  by 
control  moment  gyros.  An  intermediate  star 
tracker  is  required  to  permit  transition  from 
the  coarse  pointing  mode  to  the  fine  pointing 
mode.  This  sensor  would  employ  its  own  ob- 
jective and  would  be  boresighted  to  the  main 
optics.  Attitude  hold  is  maintained  by  the  in- 
termediate-pointing-sensor  reference  until 
suitably  low  pointing  errors  and  error  rates 
are  achieved,  at  which  time  the  control  is 
switched  to  the  fine-pointing  sensor. 


During  the  coarse,  intermediate,  ^ fine 
pointing,  the  telescope  is  control]  xl  by 
torques  generated  by  control  moment  gyros. 
These  will  be  desaturated  as  required  by  the 
low-thrust  reaction  jet  system.  The  fine 
pointing  is  illustrated  schematically  in 
figure  1 2.  The  fine-pointing  sensor  shares  the 
light  from  the  main  optics  with  the  particular 
instrument  being  used  in  the  operation  for 
on-axis  fine  pointing.  The  errors  generated  by 
the  sensor  are  amplified  and  used  to  control 
the  control  moment. 


Figure  1 2.  Control  system  schematic,  showing  fine 
pointing  only. 

't  he  most  critical  part  of  the  stabilization 
is  obviously  the  fine  pointing  and  control 
Although  the  analytical  woric  accomplished 
under  this  program  indicated  that  the 
required  degree  of  poin,ing  stabilization  could 
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be  achieved  with  the  proposed  system,  con-  since  the  conclusion  of  this  work,  and  con- 
siderably more  work  involving  laboratory  siderable  work  has  been  done  in  the  more 

tests  and  possibly  tests  in  orbit  is  necessary  to  critical  problem  areas.  It  is  felt  that  further 

verify  this.  design  and  concept  studies  should  now  be 

This  paper  has  dealt,  in  part,  with  some  carried  out  on  such  a telescope  in  order  to 

of  the  unique  design  problems  for  the  3-meter  provide  a focus  for  the  individual  technology 

telescope  and  has  indicated  what  were  con-  studies  and  to  assess  their  impact  on  overall 

sidered  to  be  feasible  solutions  at  the  time.  concepts  and  telescope  design. 

Meanwhile,  over  three  years  have  elapsed 
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At  the  present  time,  there  appears  to  be 
little  doubt  that  the  principal  element  of  large 
space  telescopes  in  the  future  will  be  mirrors. 
These  large  mirrors  will  be  the  aperture- 
determining components  and  will  provide 
most  of  the  power  for  the  system.  The  surface 
shape  of  these  mirrors  may  be  that  of  a simple 
sphere,  a paraboloid,  or  a curve  of  higher 
order;  they  may  even  lack  any  semblance  to 
circular  symmetry.  It  will  always  be  of  con- 
siderable importance,  however,  that  the 
reflected  wave  front  have  the  expected  shape 
to  very  high  accuracy. 

The  standards  for  a large  telescope  in 
space  - where  no  atmosphere  will  distort  the 
wave  front  before  it  reaches  the  mirror  and 
thus  obscure  the  mirror’s  own  imperfections 
or  absorb  the  shorter  wavelengths  that  could 
provide  increased  resolution  for  a limited 
aperture  - are  far  beyond  those  currently  set 
for  large  telescopes.  Regardless  of  size,  an 
astronomical  telescope  in  space  should  be 
equipped  with  a primary  mirror  having  a 
surface  accuracy  of  1/50X  rms  at  the  wave- 
length of  interest.  It  should  be  our  objective 
to  achieve  this  at  2000  angstroms. 

Such  a mirror  must  be  made  from  a 
material  that  will  be  stable  enough  to  receive 
and  to  retain  an  optical  surface  of  the 
indicated  quality.  No  large  pieces  of  any 
material  have  yet  been  made  and  tested  under 
conditions  that  would  indicate  whether  they 
have  the  desired  stability.  A series  of  investi- 
gations to  evaluate  some  current  candidates 
have  been  underway  for  some  years  and  are 
still  continuing.  The  work  has  utilized  small 
samples  measured  at  a variety  of  temperatures 
with  very  great  accuracy  so  that  small  time 
intervals  can  be  extrapolated  to  the  longer 
ones  of  interest. 


We  should  not  be  surprised  if  it  develops 
that  none  of  the  materials  now  under  serious 
consideration  proves  adequate  for  monolithic 
mirrors  of  large  size  and  high  quality  because 
the  quality  and  stability  we  are  lool^g  for  is 
at  least  an  order  of  magnitude  better  than 
that  found  in  any  large  astronomical  mirrors 
now  in  existence. 

Some  materials,  attractive  because  of 
their  very  low  expansion  coefficients  which 
have  the  desirable  effect  of  reducing  the 
deformation  caused  by  temperature  gradients, 
may  not  have  sufficiently  uniform  expansion 
characteristics  to  permit  their  use  if  there  is 
much  change  in  the  overall  temperature. 
Some  metals  are  attractive  because  of  their 
good  thermal  conductivity  and  high  stiffness- 
to-weight  ratio.  Several  have  been  investiga  ted 
quite  intensively,  especially  silicon.  I feel  this 
metal  has  a good  chance  of  being  very  stable 
from  a creep  consideration,  for  it  is  one  of  the 
few  metals  that  is  cubic  in  crystal  form  and 
thus  isotropic  in  expansion  coefficient  as  well 
as  attractive  in  its  other  mechanical 
properties. 

Once  the  material  has  been  chosen,  the 
design  must  be  undertaken.  Even  though  large 
boosters  are  now  available,  weiglit  will  always 
be  a serious  consideration.  Whatever  weight 
can  be  saved  in  the  optics  can  be  used  for 
other  useful  purposes.  The  design  and  fabrica- 
tion of  structures  in  most  otherwise- 
r'atisfactory  matenals  has  advanced  to  the 
point  where  almost  any  structure  desired  can 
l)e  provided.  Not  only  are  the  methods  of 
fabrication  well  developed,  but  also  the  soft- 
>vare  programs  are  available  for  computing  the 
deflections  of  these  structures  while  they  are 
l)eing  worked  on  as  well  as  while  they  are 
supported  for  test  and  are  m use. 
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There  are  already  well  developed  and 
widely  used  methods  for  measuring  fte  shape 
of  the  optical  surface  to  sufficient  accuracy. 
Large  facilities  will  be  required  for  this 
purpose,  but  they  do  not  need  to  be  complex; 
-in.  some  bases,  * the*  spacecraft  test  facilities 
tnl0iC  Wibfd  for  tl^  pui|>ose.  The  principle 
requirements  * are  V iho&«rate  vacuum  and 
freedom  from  vibration.  The  interferometers 
and  reduction  method  are  at  hand  as  are  the 
controlled  methods  of  removing  or  adding 
material  where  the  tests  indicate  corrections 
must  be  made.  The  real  problem  concerns  the 
provision  of  a structiu’e  stable  enough  and  a 
support  reproducible  enough  to  insure  that 
the  shape  the  surface  has  while  being  tested 
resembles  the  shape  it  will  have  while  being 
used. 

The  question  of  the  effect  of  size  must 
also  be  considered.  It  is  the  rms  variation  of 
the  actual  surface  while  in  use  from  the  best 
fitting  desired  surface  that  is  the  important 
consideration.  The  best  fit  is  generally  deter- 
mined by  a least  squares  procedure,  for  that 
seems  to  be  the  way  the  optics  behave  with 
regard  to  resolution  when  other  adjustments 
are  optimized.  For  example,  a small  mirror 
and  a much  longer  mirror,  each  with  a 
departure  from  a sphere  of  X/50,  will  have  the 
same  energy  distribution  in  their  scaled 
diffraction  images.  The  image,  however,  will 
be  much  smaller  for  the  large  mirror  than  for 
the  small  one. 

If  the  large  mirror  is  just  an  array  of  the 
small  ones,  each  with  X/50  as  before,  it  does 
not  follow  that  the  large  mirror  is  also  X/50. 
Each  of  the  small  mirrors  was  measured  with 
respect  to  its  best  fitting  sphere;  there  has 
been  no  assurance  that  the  spheres  for  each  of 
the  small  pieces  are  all  the  same.  For  the  large 
mirror,  all  the  “best  fitting"  spheres  must  be 
the  same  sphgre  with  the  same  identical  radius 
and  center.  This,  then,  is  why  the  difficulty  of 
figuring  a large  nunor  goes  up  so  rapidly  with 
increasing  size.  It  is  not  a problem  of 
removing  the  right  amount  of  material  from 
the  right  place,  for  that  is  nearly  the  same  for 
large  or  small  mirrors;  it  is  a problem  of 
holding  the  small  areas  in  the  ri^t  relation- 
ship to  one  another  while  testing,  and  in  use. 


and  over  long  periods  of  time  under  a variety 
of  conditions.  In  addition  to  the  normal 
effects  of  various  forces,  thermal  effects  and 
long-term  creep  are  the  factors  that  distort 
the  surface. 

It  has  been  proposed  that  a large  mirror 
be  built  up  of  a number  of  smaller  sections. 
Each  small  section  could  then  be  worked  to 
bring  its  surface  to  the  required  accuracy 
when  compared  to  the  best-fitting  ideal  sur- 
face (or  for  that  part  of  the  surface  if  it  is  not 
spherical).  Although  this  best  fit  is  not  as  free 
as  the  previous  case  discussed,  the  positioned 
variables  are  still  disposable;  thus,  the 
problem  of  each  piece  is  greatly  simplified 
when  compared  to  the  problem  presented  by 
the  surface  as  a whole.  If  each  piece  is  posi- 
tioned with  respect  to  the  other  so  that  the 
location  of  the  “best  fitting”  surface  for  each 
is  the  common  surface  for  all,  the  overall 
array  will  be  diffraction-limited  for  the  large 
aperture. 

To  accomplish  this,  each  portion  may  be 
made  movable,  and  the  whole  anay  may  be 
observed  much  as  it  would  be  if  it  were  a 
complete  monolithic  mirror  under  test.  Now, 
however,  each  piece  may  be  moved  to  that 
position  which  minimizes  its  rms  and  thus  the 
rms  of  the  whole.  The  function  may  be 
performed  on  the  earth  in  a one  g field,  in 
space  after  launch,  and  again  after  some  years 
when  the  structures  may  have  changed.  In 
fact,  it  could  and  should  be  monitored  con- 
tinuously while  in  operation  to  compensate 
for  the  many  effects  of  short  time  variability. 

In  summary,  many  materials  are  being 
studied  and  more  will  be  investigated.  Many 
methods  of  manufacture  have  been 
developed,  and  satisfactory  methods  of 
testing  are  now  employed.  Yet,  while  surfaces 
can  be  made  and  tested  to  almost  any 
accuracy  desired  under  the  test  conditions,  it 
is  not  at  all  clear  that  surfaces  much  larger 
than  a meter  or  two  could  be  delivered  into 
orbit  and  made  to  perform  to  their  diffraction 
limit.  It  has  been  suggested  that  a solution  to 
this  dilemma  would  be  to  make  the  mirror  of 
smaller  pieces  and  to  adjust  them  while  in  use. 

It  has  been  my  experience  that  pec^Ie 
are  much  more  clever  at  conversion  than  at 
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compromise;  thus,  in  the  long  run,  projects 
are  more  successful  if  a single  clear  objective 
is  kept  in  view  during  design  and  construc- 
tion. Compromises  for  other  uses  should  be 
inhibited  to  increase  the  probability  of 
success  for  the  initial  objective.  Conversions 


to  other  objectives  usually  can  be  made  with 
ease  later  on.  This  is  important  to  keep  in 
mind  in  the  continued  study  and  investigation 
of  materials  and  manufacturing  methods  for 
primary  mirror  desi^. 
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The  design  of  support  structures  for 
spaceborne  telescopes  is  influenced  by  a 
number  of  factors.  The  choice  of  structural 
configuration,  the  materials  utilized,  and  the 
analysis  methods  applied  depend  to  some 
degree  on  these  criteria.  The  most  important 
factors  are  alignment  accuracy;  dynamic  sta- 
bility and  behavior;  environmental  influences; 
material  selection,  weight,  and  cost;  crew 
considerations,  maintainability,  and  payload 
integration;  and  reliability. 

All  of  these  factors  must  be  investigated 
and  their  relative  importance  established  and 
included  into  the  analysis  and  design.  Similar 
factors  govern  the  design  of  telescopes  on 
earth,  but  the  difference  in  environment  will 
change  or  eliminate  their  importance.  In  this 
papor,  I will  discuss  only  the  telescope  sup- 
port structure  because  the  optical  and  control 
aspects  will  be  covered  by  others.  Some  of  the 
design  approaches  selected  will  satisfy  a 
number  of  criteria  but  have  no  influence  on 
others.  Therefore,  the  relative  importance  of 
the  various  factors  is  established  to  have  a bet- 
ter understanding  of  their  application  to  the 
design. 

Obviously,  the  purpose  of  sending  opti- 
cal telescopes  into  space  is  the  observation  of 
heavenly  bodies.  The  better  the  device  can  do 
this,  the  more  useful  it  is.  Therefore,  the 
alignment  ac  aracy,  minimum  thermal  dis- 
tortion, and  dynamic  response,  which  govern 
the  optical  quality,  are,  in  my  opinion,  the 
most  influential  factors  to  be  considered. 

Another  very  important  factor  is  the  re- 
sponse of  the  structure  to  its  exposure  to  the 
environment.  The  telescope  is  exposed  to  the 
following  different  environments:  transporta- 
tion, prelaunch  (on  the  launch  vehicle). 


launch,  docking  and  attitude  control,  vacuum, 
radiation,  meteoroids,  and  temperature. 

During  the  prelaunoh,  launch,  and  dock- 
ing environments,  additional  supports  can  be 
provided  to  hold  the  structure.  These 
supports  can  be  removed  later.  Only  the 
weight  and  the  functional  reliability  must  be 
considered  in  the  overall  assessment. 

Environmental  protection  must  also  be 
provided  by  the  telescope  structure.  Micro- 
meteroid  impingement  can  degrade  the  opti- 
cal properties  over  an  extended  time  period; 
therefore,  the  design  approach  should  con- 
sider minimum  exposure  of  optics  to  mete- 
oroid flux.  Thermal  aspects,  on  the  other 
hand,  might  require  an  open  truss  design  to 
minimize  thermal  gradients  and  resulting 
distortions.  Thus,  lifetime  and  accuracy  re- 
quirements have  to  be  traded  to  find  the  most 
optimum  overall  design.  Radiation  and  vac- 
uum exposure  of  the  structure  also  have  to  be 
investigated.  In  these  instances,  the  selection 
of  materials  to  avoid  outgassing  and  subse- 
quent redeposition  on  optical  surfaces  are 
important. 

Crew  considerations,  maintainability, 
and  payload  integration  must  be  considered, 
but  they  are  of  lesser  importance  than  those 
criteria  already  mentioned,  li  felt  that  ways 
can  be  found  to  satisfy  these  requirements 
without  sacrifice  of  the  most  important 
aspects. 

Reliability  in  the  area  of  support 
structures  normally  does  not  pose  a problem 
and  therefore  is  not  emphasized.  Reliable 
mechanical  release  devices  and  uncaging 
mechanisms  can  be  built  without  great  diffi- 
culties. 

Weight  aspects  and  material  selection  are 
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of  lesser  importance  for  telpscope-stnicture  , 
because  only  a relativerir  porti^  > 

of  an  experimental  satellite  is  needed  for  iHe  i ^ 
structure.  This  is  also  true  for  the  cost;  the 
structural  part  is  only  a fraction  of  the  cost  of 
the  overall  project. 

Thus,  the  ranking  of  the  design  criteria  is 
established  in  the  following  order:  alignment 
accuracy;  dynamic  stability  and  behavior; 
environmental  influences;  reliability;  main- 
tainability, crew  consideration,  and  payload 
integration;  and  material  selection  (weight 
and  cost). 

In  the  following  discussion,  I will  show 
some  of  the  design  solutions  used  in 
actually-built  as  well  as  studied  telescope 
structures  and  will  try  to  point  out  the 
influencing  design  criteria. 

ApoUo  Telescope  Mount 

The  problem  of  limiting  thermal  disto^ 
tion  to  stay  within  permissible  alignment 
values  is  the  most  important  influence  on  the 
design  of  the  Apollo  Telescope  Mount  (ATM). 

The  selected  design  is  a cruciform  spar  pro- 
viding the  mounting  surfaces  for  ail  experi- 
ments. Two  gimbal  rings  and  a roll  ring, 
connected  with  flexible  pivots,  provide  the 
pitch,  yaw,  and  roll  motions.  Caging  during 
powered  flight  relieves  the  loads  on  the 
flexible  pivots.  These  caging  devices  are 
separated  by  pyrotechnic  pin  pullers.  Opera- 
tional caging  devices  provide  position-locking 
of  the  experiment  package  when  it  is  not 
performing  experiments.  The  alignment 
accuracy  needed  is  1 arc  second;  the  maximum 
allowed  jitter  rate  is  1 arc  second  per  second. 

The  cruciform  aluminum  spar,  one  inch 
thick,  120  inches  long,  and  approximately 
80  inches  wide,  is  used  for  mounting  ail  the 
experiments.  The  selected  material  assures 
efficient  heat  distribution.  To  maintain  the 
accuracy  over  a span  of  120  inches,  the  fo^ 
ward  and  aft  attachment  pads  must  remain 
within  0.0005  inch  of  their  aligned  position. 

To  reduce  weight,  2-inch-diameter  holes  are 
machined  in  all  areas  of  the  plates  free  of 
experiment  attachment  surfaces.  The  material 


selected  for  this  purpose  is  A16061-T451, 
aged  tp  a T6  condition.  It  has  sufficient 
aralg^  and  stiffness  to  meet  all  the  other 
load-carrying  and  dynamic  requirements. 

The  spar  and  its  rings  are  insulated  with 
high  performance  insulation  and  placed  in  a 
liquid-cooled  cannister,  which  also  has  ex- 
ternal insulation.  The  forward  and  aft  cylin- 
der ends  are  closed,  and  doors  are  provided 
over  the  viewing  ports. 

Stringent  restrictions  are  placed  upon 
the  use  of  coatings  and  organic  materials  to 
avoid  oqtgassing  and  redeposition  on  optical 
surfaces.  A materials  study  to  investigate  a 
large  number  of  availaUe  adhesives,  coatings, 
elastomers,  lubricants,  films,  potting  com- 
pounds, and  metals  is  prepared  to  guide  the 
material  selection. 

Additional  meteoroid  protection  for  the 
experiment  package  is  not  required  because 
the  surrounding  rack  with  the  attached  elec- 
tronic equipment  and  the  cannister  provide 
adequate  shielding. 

Maintainability  and  crew  considerations 
posed  no  problems.  The  participation  of  the 
astronauts  is  to  retrieve  the  film  by  extra- 
vehicular activity.  The  integrated  payload 
structure  is  the  rack,  which  houses  the  ATM 
cannister/spar  assembly  and  the  necessary 
electronic  equipment.  Environmental  pro- 
tection for  the  crew  is  provided  by  the  Limar 
Module  A.  nonpropulsive  crewquarters  similar 
to  the  lunar  module  and  mounted  atop  the 
rack. 

Payload  integration  presented  no  special 
problems;  Analysis  methods  similar  to  those 
applied  in  the  3atum  programs  are  used  for 
thermal,  structural,  and  dynamic  compila- 
tions. 

Orbiting  Astronomical  Observatory 

The  Orbiting  Astronomical  Observatory 
(OAO)  is  designed  to  accommodate  many 
Afferent  scientific  missions  and  therefore 
requires  a versatile  payload  structare.  The 
main  assembly  is  octagon-shaped  with  a 
hollow  central  tub^.  An  active/passive  thermal 
control  sj'stem,  u^  louvers,  insi^tion,  and 
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both  solar  and  internal  heat  from  the  instru- 
ment operation,  maintains  temperature 
stability  to  the  specifled  limits. 

The  primary  structure  consists  of  a load- 
carrying  riveted  shell,  48  inches  in  diameter, 
113  inches  long,  surrounded  by  eight  longi- 
tudinal trusses  and  seven  radial  frames  to 
which  the  equipment  packages  and  skins  are 
attached;  the  experiment  optics  package,  with 
a maximum  diameter  of  40  inches,  is 
mounted  inside  the  sliell.  The  shell  is  com- 
posed of  four  chem-miUed  stiffened  skin  sec- 
tions. The  frames  are  of  conventional  design 
with  beaded  webs,  except  at  Station  100, 
where  an  aluminum  honeycomb  web  for  the 
equipment  support  is  used.  Each  truss  is  made 
of  a one-piece  channel,  and  the  aft  ends  are 
mounted  into  a separation  fitting. 

Star  trackers,  internal  reference  unit,  and 
gyro  packages  are  mounted  to  stainless  steel 
trusses  that  are  connected  to  the  primary 
aluminum  structure.  The  coarse  solar  sensors 
and  the  ps  jets  use  titanium  fittings.  In  both 
cases,  the  steel  and  titanium  fittings  give  some 
thermal  isolation  while  the  primary  aluminum 
structure  keeps  thermal  gradients  to  a mini- 
mum. 

Superinsulation  and  gold-deposited  fiber- 
glass mounts  are  extensively  used.  The 
48  truncated  bays,  formed  by  the  frames  and 
trusses,  have  hinged  honeycomb  panels  for 
equipment  mounts.  These  panels  swing  out- 
b^rd  for  easy  accessibility. 

Protection  of  optical  surfaces,  similar  to 
the  requirements  of  ATM,  is  observed.  Micro- 
meteoroid shielding  of  the  optical  pacluige  is 
provided  by  surrounding  structure  and  elec- 
tronic gear. 

Focusing  X-Ray  Telescope 

An  interesting  • study  investigated  the 
aspects  of  a Focusing  X-Ray  Telescope.  A 
number  of  basic  designs  were  studied,  such  as 
telescoping  tubes,  hinged  and  scissored 
trusses,  full-length  tube  and  truss,  tapered 
telescoping  truss,  and  tapering  telescoping 
shells.  Factors  influencing  the  alignment 
accuracy  (thermal  distortions  and  mechanical 
joint  and  geometric  rigidity)  were  rated.  The 


tapered  telescoping  truss  showed  the  best 
overall  configuration;  further  studies  in  areas 
of  materials  and  joint  design  are  being  pe^ 
formed. 

Selection  of  materials  is  influenced  by: 
maximum  stiffness,  minimum  weight,  max- 
imum damping,  minimum  cost  of  material 
and  fabrication,  maximum  impact  resistance, 
and  maximum  resistance  to  thermal  distor- 
tion. Candidate  truss  materials  studies  are: 
beryllium,  Lockalloy,  7075  Al,  6A1 4v  Ti- 
tanium, Invar,  nickel. 

The  members  of  the  telescoping  truss  are 
tubular,  thin-walled  and  assumed  to  be 
2 inches  in  diameter.  The  base  ring  consists  of 
3-inch-diameter  tubes.  Brazed  and  bonded 
joints  between  the  tubes  and  fittings  are  being 
considered.  The  lower  strength  of  bonded 
joints  is  offset  by  the  higher  damping  co- 
efficient. 

The  dynamic  and  thermal  analysis  shows 
the  following  results.  The  truss  has  acceptable 
dynamic  distortions  for  all  materials  inves- 
tigated to  satisfy  jitter  requirements  of  0.01 
arc  second  po'  second.  Ihe  thermal  distort 
tions  of  the  truss  are  far  more  significant. 
Aluminum  and  beryllium  yield  a displacement 
of  at  least  one  order  of  magnitude  too  high  to 
satisfy  the  alignment  accuracy  of  2 arc  sec- 
onds. Since  the  displacement  is  a direct  result 
of  unsymmetrical  distributed  length  changes 
in  the  truss  members,  the  material  should 
have  minimum  thermal  expansion.  Of  the 
prime  structural  materials,  titanium  has  the 
lowest  expansion;  however,  an  active  lens- 
alignment  system  is  necessary  even  when  this 
material  is  used.  Other  materials  with  even 
lower  expansion  coefficients  are  Invar,  low 
expansion  nickel,  and  tungsten.  All  are  heavy, 
expensive,  and  difficult  to  fabricate;  there- 
fore, they  are  not  utilized  in  the  design. 

One-Meter,  Diffiaction-Umited,  Optical 
Telescope 

The  last  design  1 will  discuss  is  the  struc- 
ture for  the  Inneter,  diffraction-limited,  opti- 
cal telescope,  fhe  experiment  is  designed  to 
fit  into  the  center  hole  of  the  OAO  structure. 
The  main  innovation  is  the  separation  of  the 
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payload  structure  and  the  experiment  package 
by  a magnetic  suspension  system. 

The  main  structure  is  an  aluminum  tube 
housing  the  primary  and  secondary  mirrors. 
During  launch,  the  experiment  package  is 
separated  into  the  instrument  package  and  the 
primary-miiTor-and-secondary-mirror  support 
system  (within  the  tube).  Each  package  is 
independently  mounted  to  an  adapter  ring, 
fixed  to  the  payload  structure  with  four 
mounting  lugs.  After  orbit  insertion,  the  ri^id 
coupling,  provided  by  the  mounting  lugs,  is 
severed  by  ^ release  mechanism.  The  package 
is  pointed  and  centered  by  six  magnetic  push- 
ers, simOar  to  an  electromagnetic  speaker. 

The  primary  and  secondary  mirror  are 
housed  in  a blackened  aluminum  tube.  The 
support  for  the  secondary  mirror  is  mounted 
to  the  primary  miiror  support  structure  and 
consists  of  three  fiberglass  struts,  connected 
at  the  secondary  mirror  location  by  a thin* 
web  spider.  This  structure  resembles  a tripod. 
During  launch,  the  secondary  mirror  is  held  in 
place  also  by  a support  attached  to  the  alu- 
minum tube.  Once  in  orbit,  the  system  is 
released;  and  the  secondary  mirror  is  held 
only  by  the  tripod.  This  arrangement  yields 
minimum  thermal  distortions  between  the 
optical  surfaces  of  the  telescope  and  satisfies 
the  alignment  accuracy  of  0.1  arc  second. 
Micrometeoroid  protection  is  provided  by  the 
spacecraft  structure. 

Summary 

In  summary,  the  requirements  placed  on 
the  structure  for  the  in^vidual  payloads  are 
achieved  by  specific  design  solutions. 

The  alignment  accuracy  of  1 arc  second 
for  the  ATM  required  minimum  thermal  dis- 
tortion. This  is  maintained  by  an  aluminum 
spar,  1 inch  thick,  surrounded  by  an  actively 
cooled  cannister  to  minimize  thermal  gra- 
dients. The  design  also  satisfies  the  dynamic 
stability  and  environmental  protection  criteria. 

The  versatility  demanded  of  the  basic 
OAO  payload  structure  in  connection  with 
minimum  attainable  thermal  and  dyr.amic  dis- 
tortion is  met  with  an  aluminum  structure 
and  an  active/passive  thermal  control  system. 


In  both  cases,  ATM  and  OAO.  conven- 
tional materials  and  fabrication  teclmologies 
are  applied;  and  the  specific  demands  are  met 
by  the  applied  design  philosophy 

The  two  telescope  structure  studies  (the 
focusing  x-ray  telescope  and  the  1 -meter, 
diffraction-limited,  optical  telescope)  also  in- 
dicate the  severeness  of  the  alignment 
accuracy  necessary.  Again,  the  limitation  of 
thermal  distortions  dictated  the  design  con- 
cept. Because  of  its  distance  of  approximately 
480  inches  between  primary  and  secondary 
mirrors,  the  focusing  x-ray  telescope  experi- 
enced thermal  distortions  of  one  magnitude 
larger  than  permissible.  An  active  alignment 
system  is  proposed.  The  dynamic  response 
and  other  requirements  do  not  pose  any 
severe  design  problems. 

In  ail  cases,  the  minimum  thermal  distor- 
tions to  meet  the  pointing  accuracy  is  the  out- 
standing demand  for  the  design  engineer  to 
satisfy.  In  all  four  cases,  available  materials, 
fabrication  methods,  and  basic  structural 
elements  were  applied  to  achieve  the  goal.  It 
can  be  clearly  seen  that  each  experiment  must 
be  treated  individually  anc  that  no  structural 
scheme  or  layout  can  be  found  to  satisfy  all 
present  and  future  telescope  structures.  It 
depends  largely  upon  the  ing;snuity  and  skill 
of  the  desigii  engineer  to  combine  .known 
design  elements,  materials,  manutacturing 
techniques,  and  proven  components  to  obtain 
an  optimum  primary  structure  that  satisfies 
the  telescope  requirements. 

An  important  contribution  to  this  pro- 
cess is  the  availability  of  sophisticated 
structural,  dynamic,  and  therm^  analysis 
methods,  using  electronic  computers.  These 
methods  give  the  design  engineer  an  early  in- 
dication of  desig*i  shortcomings  and  also 
permit  investigation  of  alternate  approaches. 
.Structural  and  thermal  tests  undertaken  early 
in  the  program,  as  in  the  case  of  the  ATM 
spar,  are  also  lielpful  in  evaluating  the  selected 
configuration. 

Future  telescopes  will  certainly  put  in- 
creased demands  for  accuracy,  weight, 
dynamic  stability,  and  operation^  require- 
ments on  the  primary  structure  housing  both 
the  optical  and  related  components. 
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Introduction 

A survey  of  precision-pointing  systems  at 
this  time  can  refer  to  only  a few  vehicles. 
With  the  development  of  orbital  vehicle  capar 
bility,  however,  consideration  can  change 
from  the  approach  of  pressing  the  state-of- 
the-art  in  all  areas  to  the  orderly  technological 
growth  of  some  si'bsystems,  emphasis  being 
placed  upon  the  few  major  technology  pro^ 
lems.  The  precision-pointing  control  system  is 
an  area  that  can  now  allow  technology  growth 
because  experience  with  the  existing  systems 
has  spanned  almost  all  types  of  control 
systems.  In  addition,  industry  has  conducted 
research  to  extend,  to  develop,  and  to  verify 
system  concepts.  Omsequently,  this  paper 
will  discuss  existing  programs,  will  consider 
the  types  of  control  systems  in  more  detail, 
and  present  other  considerations  involved 
in  the  system  design. 

Experience  With  Existing  Programs 

Precision  pointing  of  orbiting  astro- 
nomical telescopes  is  still  in  its  infancy.  The 
number  of  flight  vehicles  to  date  is  very  small; 
i.e..  iigiht  for  the  Orbiting  Astronomical 
ObMivatory  and  tlie  Orbiting  Solar  Observa- 
tory. The  accuracy  requirements  have  not 
been  as  stringent  as  those  desired  for  high 
quality  observatories.  The  equipment  to  date 
has  t>een  operating  at  or  near  the  diffraction 
limit,  but  the  size  of  the  equipment  has  not 
been  large.  On  the  other  hand,  Stratoscope 
and  Strap,  two  programs  using  a balloon  and  a 
sounding  rocket  to  the  upper  atmoqphere, 
have  been  successfully  implemented.  The 


conclusion  is  that  important,  challenging,  and 
interesting  work  is  yet  to  be  done.  Consider- 
ation must  be  given  to  vehicles  having  stricter 
requirements,  such  as  the  Manned  Orbiting 
Telescope  (MOT),  the  Apollo  Telescope 
Mount  (ATM),  and  the  European  Scientific 
Research  Organization  (ESRO)  satellite.  The 
accuracy  requirements  for  these  vehicles  will 
be  from  0.005  to  0.1  arc  second,  and  the  size 
of  the  optics  will  be  from  1 to  3 meters.  As 
we  approach  the  upper  limits  of  this  size 
range;  the  control  requirements  become  most 
stringent  and  the  task  most  difficult. 

Let  us  consider  the  progression  of 
vehicles  to  date,  the  specifications  for 
pointing,  the  type  of  systems  used,  and  the 
results  obtained. 

Stratoscope 


The  Stratoscope  vehicle  is  a balloon- 
borne  experiment  package  launched  from  the 
National  Committee  on  Atmospheric  Re- 
search (NCAR)  facility  at  Palestine,  Texas. 
This  is  the  second  series  of  such  vehicles,  a 
measure  of  the  success  of  the  program.  The 
current  series  of  vehicles  uses  a 1-meter  tele- 
scope for  the  experiment  package  and  usually 
has  a 5-  to  12-hour  flight  The  vehicles  have  a 
pointing  requirement  of  0.016  arc  second 
with  a holding  requirement  of  1 hour  at  that 
accuracy.  The  operation  of  the  vehicle  is 
virtually  accomplidied  by  ground  conunand. 
The  initial  acquisition  is  accomplished  by 
using  a coarse  television  camera  with  a 
10-degree  field-of-view  to  determine  where 
the  telescope  is  aimed  and  to  search  for  the 
guide  star  of  the  particular  experiment  When 
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the  guide  star  is  found,  the  image  is  centered 
in  the  fleld-of-view  of  the  coarse  telescope  by 
means  of  balance  weights  for  the  horizontal 
axes  and  an  “inertia  wheel”  for  the  vertical 
axis.  At  this  point,  the  star  should  be  in  the 
field-of-view  of  the  experiment  telescope  (a 
field-of-view  of  50  arc  minutes).  The  image  is 
then  viewed  by  a fine  television  camera  and 
positioned  in  the  proper  location  on  a retro- 
divider.  This  divider  reflects  the  signals  to  the 
photomultiplier  tubes  for  output  signals. 
When  this  has  been  done,  the  system  is  locked 
onto  the  guide  star.  A second  guide  star 
within  the  field-of-view  is  used  to  provide  the 
necessary  position  information  for  complete 
three-axis  control.  For  the  fine-pointing 
mode,  the  telescope  is  maintained  by  the 
balance  weights  and  inertia  wheel.  The  image 
motion  is  finely  controlled  by  a servoed 
transfer  lens.  The  system  uses  a series  of 
devices  to  control  the  accurate  pointing  of  the 
vehicle.  As  the  vehicle  drifts  away  from  the 
ground  stations,  it  is  parachuted  to  earth  on 
command  and  is  recovered. 

The  Stratoscope  II  vehicle  has  been 
flying  since  1964.  The  performance  of  the 
system  to  date  indicates  that  0.02-arc-second 
pointing  control  can  be  obtained. 

Strap 

The  Stiap  experiment  package  is  boosted 
by  using  the  Aerobee  series  of  sounding 
rockets;  hence,  this  platform  has  a much 
shorter  usefiil  life  than  the  balloon  vehicle. 
Because  of  the  size  limitations  of  the  booster, 
the  experiment  package  is  much  smaller  and 
Uihter.  The  package  is  fastened  to  a roll- 
stabilized  platform  and  boosted  with  the 
vehicle  spinning  to  control  attitude.  Free 
gyros  are  used  for  the  position  reference  on 
tlie  two  horizontal  axes.  At  separation,  the 
vehicle  is  despun,  and  the  reference  gyros  are 
nulled.  A preprogrammed  series  of  maneuvers 
are  then  carried  out  to  bring  the  experiment 
image  into  the  field-of-view;  a star  tracker  is 
used  to  provide  the  null  reference  at  this 
pdnt  The  star  tracker  has  two  fields  of  view: 
wide-angle  scan  mode  for  the  search  and  fine 
position  for  the  hold  mode.  In  the  hold  mode, 
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leer  ^19  ^ the  star.  The  control 
system,  using  derivM  ntes  of  motion  data, 
actuates  gas  jets  to  obtain*  fine  pointing  to  an 
accuracy  of  1 0 arc  seconds.  During  this  hold 
phase,  the  free  gyro  nulls  are  updated  in 
preparation  for  flie  next  maneuver  sequence. 
A maneuver  sequence  and  reacquisition  of  a 
new  star  is  repeated  several  times  during  the 
short  6-minute  life  of  the  vehicle.  When  the 
disturbance  torques  are  too  high  to  be  over- 
come by  the  reaction  control  system,  experi- 
mentation is  stopped.  The  package  is 
recovered  following  its  parachute  descent  to 
earth.  This  series  of  experiments  is  essentially 
independent  of  the  ground  station. 

The  Strap  program  is  currently  unde^ 
going  fabrication  for  the  third  series  of 
vehicles;  verification  of  the  concept  of  using 
the  star  tracker  will  be  accomplished  on  this 
vehicle.  To  date,  all  maneuver  sequences  have 
been  open  loop,  and  successful  operation  has 
been  obtained  to  1.0  degree  for  a 6-minute 
fiight. 

Orbiting  Solar  Observatory 

The  space  vehicle  that  has  accumulated 
the  largest  number  of  successful  flights  and 
most  orbital  time  for  precision  observations  is 
the  Orbiting  Solar  Observatory  (OSO).  This 
vehicle  is  basically  dual  spin  where  spin  stabi- 
lization is  used  for  the  basic  vehicle,  but  the 
experiment  platform  is  despun.  The  OSO  has 
a passive  pelting  capability  of  5 arc  minutes 
about  the  spin  axis.  The  experiments  on  the 
despun  platform  have  a gimbal  system  to 
p<mt  them  in  order  to  provide  greater  pre- 
cision than  the  spin  stabHization.  These 
gimbal  systems  have  demonstrated  a pointing 
capability  of  30  arc  seconds.  Six  of  these 
vehicles  have  been  flown  to  date,  five  of  them 
achieving  successful  operation. 

Orbiting  Astronomical  Obsayatory 

The  Orbiting  Astronomical  Observatory 
(OAO)  vehicle  is  the  most  precise  spacecraft 
that  has  been  flown.  This  vehicle  is  tailoied 
for  stellar  and  galactic  observatioii.  The 
vehicle  is  designed  to  use  inertia  wheel  stabili- 
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zation  about  all  three  axes  for  pointing 
control.  The  design  of  the  vehicle  was  accom- 
plished with  the  specific  objective  of  reducing 
the  inherent  disturbance  torques  due  to 
magnetic  field,  gravity  gradient,  thermal 
expansion,  and  solar  pressure.  The  vehicle  is 
initially  oriented  to  the  sun  and  is  rate- 
stabilized  about  the  VK>resight.  Six  peripheral, 
two-axis,  gimballed  star  trackers  are  posi- 
tioned to  recognize  a particular  orientation  of 
stars.  A roll  about  the  boresight  is  com- 
manded. When  four  trackers  indicate  a star 
acquisition,  the  maneuver  is  terminated;  and 
average  errors  are  fed  to  inertia  wheels  to  hold 
the  attitude.  At  this  point,  the  vehicle  is  in 
the  celestial  hold  mode  and  as  such  can 
control  attitude  to  an  accuracy  of  1 arc 
minute.  The  boresight  of  the  large  telescope 
can  therefore  be  pointed  in  any  direction  as  a 
function  of  positioning  the  six  star  trackers 
on  the  vehicle.  When  the  fine  hold  of  0.1  arc 
second  is  required,  a two-axis  stv  tracker  that 
uses  the  main  telescope  optics  is  activated. 
This  sensor  is  used  to  conti^l  two  fine  inertia 
wheels  for  the  fine-pointing  task;  the  bore- 
sight  roll  data  is  still  taken  from  the  gimballed 
trackers.  Maneuvers  are  accomplished  by 
moving  the  gimballed  trackers  and  causing  the 
vehicle  to  keep  the  sensor  errors  nulled.  In 
this  way,  maneuvers  can  be  made  without 
losing  precise  position  information  on  the 
vehicle.  Two  of  these  vehicles  have  been 
flown,  the  second  being  succosful  to  date. 

Current  and  Proposed  Programs 

The  vehicles  currently  in  work  or  in 
proposal  are  lofpcal  extendons  of  the  past 
programs.  Four  of  these  programs  are  the 
Apollo  Telescope  Mount,  ttie  Manned  Orbit- 
ing Telescope,  the  Airborne  Optical  Tele- 
scope, and  the  European  Sdenti^  Research 
Organization  stellar  observatory  satellite.  The 
Apollo  Telescope  Mount  program  is  by  far  the 
most  advanced  program  at  this  time;  ^e  hard- 
ware is  in  either  the  construction  or  the 
delivered  stage.  Design  and  oenstruetton  has 
started  on  the  Airborne  Optical  Telescope. 
The  Manned  Orbiting  Tdtiscope  has  recentiy 
completed  the  prdimiiiaiy  design  stage  to 


show  the  feasibility  of  such  a system.  The 
exact  status  of  the  ESRO  satellite  is 
indeterminate. 

Apollo  Telescope  Mount 

The  Apollo  Telescope  Mount  (ATM)  is 
one  of  :re  experin«'ni:s  being  accomplished 
with  the  spare  Apollo  equipment  under  the 
Apollo  Applications  Program.  The  mission  fot 
the  first  of  these  vehicles  is  solar  observation. 
As  would  be  expected,  this  is  a manned 
vehicle  and  will  have  a SIVB  workshop  to  go 
with  it.  The  control  of  the  vehicle  anu  the 
experiment  are  handled  separately  by  dif- 
ferent control  systems.  The  basic  vehicle  is  to 
be  controlled  by  Control  Moment  Gyros 
(CMG’s)  in  the  active  control  mode. 

The  configuration  chosen  is  the  one 
developed  at  Langley  Research  Center  and  is 
called  the  SIXPAC  configuration.  Three  two- 
degree-of-freedom  rotors  are  used.  In  the  null 
position,  the  units  are  orthogonal.  The 
mechanics  of  uncoupling  the  gyros  from  inte^ 
axis  disturbance  is  handled  by  an  onboard 
computer  that  controls  all  of  the  gimbal  rates. 
The  control  laws  are  designed  to  minimize 
inner  gimbal  motion,  to  prevent  the  gyros 
from  orienting  their  rotors  parallel,  and  lo 
provide  the  necessary  momentum  to  each 
axis. 

The  experiir<ent  package  is  on  a servo- 
driven  mount  that  is  anchored  to  the  basic 
vehicle.  The  fine  pointing  and  control  is 
accomplished  by  this  unit.  The  basic  orienta- 
tion of  tire  vehicle  during  experiments  is 
toward  the  sun  with  the  star  Canopus  as  the 
third  reference.  When  the  unit  is  maneuvered 
away  from  the  sun  or  the  sensors  are 
occulted,  lato-integrating  gyros  ere  used  for 
position  memory.  CMC  desaturation  is 
accmnplished  during  these  periods  by  using 
gravity  gradient  torques.  When  the  vehicle  is 
not  performing  experiments,  it  is  placed  in 
the  “PDF'  mode;  le.,  it  is  perpendicular  to 
the  orbit  plane  to  minimize  gravity  gradient 
torques.  The  accuracies  cf  the  two  systems 
during  active  contret  |>«riods  are  2.5  arc 
seconds  in  pitch  and  yaw  and  10  arc  minutes 
in  rod.  Extensive  sir.iulaUoi>  'voric  is  sdU  being 
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done  to  assure  the  performance  of  the  system 
in  orbit. 

Manned  Orbiting  Telescope 

The  Manned  Orbiting  Telescope  (MOT) 
is  a 3-meter  telescope  system  on  a manned 
vehicle.  Because  of  the  accuracies  required  for 
the  experiments,  a different  configuration  had 
to  be  developed.  Tlie  pointing  accuracy 
required  was  0.01  arc  second  pitch  and  yaw 
and  0.2  arc  second  roll.  The  techniques  used 
were  chosen  deliberately  to  minimize  the 
high-frequency  disturbance  torques  applied  to 
the  vehicle.  TTie  experiment  telescope  was 
placed  in  a gimbal  system  about  its  center  of 
mass.  The  fastening  between  the  manned 
vehicle  and  the  gimbal  was  through  very  soft 
springs.  The  puipose  of  these  springs  was  to 
keep  both  parts  of  the  vehicle  in  the  same 
orbit  and  to  apply  an  absolute  minimum 
amount  of  disturbance  torque  on  the  tele- 
scope. The  onboard  control  system  for  the 
telescope  was  control  moment  gyros;  how- 
ever, in  the  application,  it  was  decided  to  use 
six  rotors  in  a scissored  pairs  configuration. 
The  rotors  are  each  single  degree-of-freedom. 
This  type  of  system  was  cho.sen  becausi^  it 
allowed  the  simplest  control  laws  to  be 
developed  and  the  control  axes  to  be  virtually 
uncoupled.  Desaturation  of  the  control 
moment  gyros  on  the  telescope  can  be  accom- 
plished by  applying  a bias  torque  on  the  tele- 
scope with  the  manned  vehicle.  The 
momentum  can  then  be  transferred  to  the 
manned  vehicle  with  a minimum  amount  of 
effect  on  the  experiment.  As  with  the 
Orbiting  Astronomical  Observatory,  acquisi- 
tion is  accomplished  through  a series  of 
sensors.  The  fine  sensor  uses  the  experiment 
optics  to  minimize  alignment  problems.  The 
coarse  sensor  is  a bomsifdited  star  tracker 
located  in  front  of  the  main  telescope 
secondary  optics.  Exterior  trackers  on  the 
telescope  p x)vide  the  preliminary  alignments 
and  also  provide  the  signal  for  the  third  axis. 

Airborne  Optical  Telescope 

The  Airborne  Optical  Telescope  is  a 


general  puipose  1 -meter  telescope  that  will 
cv'mduct  its  experiments  on  board  an  airplane. 
It  has  unrestricted  view  through  an  open  port- 
hole in  the  fuselage.  The  telescope  is  mounted 
on  a spherical  air  bearing  on  board  the  air- 
craft. It  uses  two  telescopes  in  addition  to  the 
main  experiment  optics:  one  for  coarse 
acquisition  and  a second  for  fine  pointing. 
The  error  signal  is  not  derived  by  operation 
on  the  signals  from  the  experiment  telescope. 
The  unit  is  designed  to  perform  offset 
pointing  by  changing  the  orientation  of  the 
fine-pointing  telescope  with  respect  to  the 
experiment  telescope.  The  telescope  is 
inertially  stabilized  by  using  DC  torque 
motors  between  the  vehicle  frame  and  the  air 
bearing.  Accuracy  requirements  are  1 arc 
second  on  all  three  axes,  the  boresight 
requirement  being  needed  to  accomplish  the 
offset  pointing  task. 

Ewopean  Scientific  Research  Organization 
Satellite 

The  European  Scientific  Research  Organ- 
ization (ESRO)  satellite  is  basically  the  same 
M the  OAO  vehicle  in  the  accuracies  required 
and  the  methods  of  control  chosen. 

Types  of  Systems 

There  are  a large  number  of  ways  to 
provide  control  of  the  vehicles.  The  purpose 
of  this  section  is  tc  discuss,  in  greater  detail, 
the  following  types  of  systems  to  be  con- 
sidered for  the  different  applications: 

1.  Gas  Jets 

2.  Magnetic  Control 

a.  Coils 

b.  Magnetic  Gap 

3.  Inertia  Wheel 

4.  Control  Moment  Gyro 

5.  Servoed  Optics 

6.  Servoed  Platform 

It  is  interesting  to  note  that,  except  for  the 
magnetic  systems,  all  types  of  systems  have 
been  or  wW  be  employed  on  some  type  of 
precision-pointing  vehicle. 
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Gas  Jets 

Virtually  all  types  of  vehicles,  including 
the  precision*pointing  vehicles,  utilize  gas  jets 
as  a torque  source;  however,  the  use  of  jets  as 
the  primary  torque  source  is  limited.  They  are 
commonly  used  for  despin,  spinup,  initial 
acquisition,  and  maneuvers.  Gas  jets  are 
ideally  suited  for  small  amounts  of  high 
torque  generation,  small  amounts  of  low 
torque  generation,  or  as  users  of  onboard 
expendables.  If,  however,  the  total  impulse 
required  becomes  very  large,  many  other 
types  of  torque  systems  aie  more  efficient. 

There  are  several  types  of  jets  that  can 
be  seriously  considered  for  the  precision- 
pointing task.  These  include  the  hydrazine 
jets  and  the  resisto  jets.  Through  proper 
system  design,  these  jets  can  deliver  very  small 
torque  impulses  aiid,  at  the  same  time, 
maintain  a high  specific  impulse.  This  is 
accomplished  with  hydrazine  by  burning  it 
into  an  accumulator  and  by  using  small 
thrusters  to  eject  the  small  amounts  of  hot 
gases.  In  the  case  of  the  resisto  jet,  the  high 
impulse  is  obtained  by  heating  the  propellant 
with  electric  heaters.  Because  of  the  inherent 
simplicity  of  this  torque  source,  it  should  be 
seriously  considered  for  missions  with  mod- 
erate torque-impulse  requirements.  If  there  is 
a requirement  for  vehicle  rates  as  well  as 
angular  pointing,  these  torque  sources  may 
have  difficulty  because  the  acceleration  is  not 
smooth  and  the  vehicle  may  experience  out- 
of-tolerance  rates.  If  the  impulse  size  can  be 
kept  small,  there  is  still  the  problem  of  turn- 
on and  turnoff  delays  to  contend  with.  With  a 
very  narrow  deadband,  the  vehicle  will 
bounce  between  the  two  position  limits 
because  of  the  delays  in  the  torque  actuation. 
The  predictability  or  propellant  consumption 
under  these  circumstances  is  very  difficult. 

From  a reliability  and  simplicity  stand- 
point, the  gas  jet  system  is  difficult  to  match; 
however,  for  a hi^  total  impulse  or  a very 
narrow  deadband,  the  onboard  propellant 
wei^t  would  become  excessive. 


Magnetic  Control 

There  are  two  distinct  types  o*'  control 
systems  that  can  be  built  by  using  magnetic 
control  torques.  The  systems  are  classified  as 
magnetic  coils  and  magnetic  gap  control. 
These  two  types  of  control  are  considerably 
different,  both  in  their  capability  and  in  their 
ease  of  application. 

Magnetic  Coils.  The  basic  property  of 
the  magnetic  coil  system  in  its  operation  is 
that  it  uses  the  earth’s  magnetic  field  as  a 
ground  to  react  against.  Passing  current 
through  a coil  generates  a torque  on  the 
spacecraft.  The  characteristics  of  this  torque 
are:  (1)  it  is  usually  low  in  magnitude;  (2)  it 
cannot  exist  parallel  to  the  field  vector;  and 
(3)  it  has  a very  high  frequency-response  capa- 
bility. This  torque  can  be  generated  in  a 
proportional  manner  or  controlled  in  an 
on-off  manner.  From  an  onboard  efficiency 
standpoint,  the  on-off  type  of  system  is  by  far 
the  most  efficient,  the  most  reliable,  and  the 
simplest  to  implement.  Laboratory  tests  with 
this  type  of  system  have  shown  an  accuracy 
capability  of  1 arc  second  and  a pulse  width 
of  a few  microseconds  using  air-bearing  simu- 
lation techniques.  The  limitation  of  torque 
generation  in  the  plane  perpendicular  to  the 
field  vector  imposes  a severe  handicap  upon 
this  type  of  control.  If,  however,  the  veWcle 
were  inserted  into  a controlled  reference  field, 
the  control  capability  could  be  maintained 
about  the  two  most  important  axes.  This 
technique  is  not  satisfactory  for  complete 
three-axis  control. 

Magnetic  Gap  Control.  The  magnetic  gap 
system  requires  a mother  vehicle  to  provide 
the  ba.se  for  the  control  system  and  is,  in 
reality,  a very  sophisticated  way  of  providing 
a servoed  platform.  The  principle  in  this  case 
is  that  of  controlling  the  location  of  a 
magnetic  material  between  two  poles  by 
varying  the  strength  of  one  of  the  reference 
poles.  The  angular  control  is  obtained  by 
linear  motion  control  at  each  end  of  the 
vehicle.  This  type  of  system  has  also  been 
demonstrated  in  the  laboratoiy  to  parts  of  an 
arc  second  in  pointing  accuracy.  A very  strong 
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factor  in  favor  of  this  system  is  that  it  can  be 
used  to  provide  control  over  the  6 degrees  of 
freedom  of  the  experiment  vehicle  as  opposed 
to  the  2 angular  degrees  of  freedom  for  the 
coil  system  previously  discussed. 

Inertia  Wheel 

The  inertia  wheel  is  the  first  type  of 
control  actuator  to  be  used  for  the  high 
precision-pointing  task.  The  principle  of 
operation  is  the  generation  of  torque  between 
the  vehicle  and  a free  rotor.  The  vehicle 
moves  in  one  direction  and  the  free  rotor  in 
the  other.  Momentum  is  conserved  along  that 
axis.  Each  axis  is  controlled,  in  the  same 
manner,  with  three  orthogonal  wheels.  These 
wheels  do  have  an  upper  speed  limit  at  which 
momentum  must  be  dumped  out  of  the 
vehicle  by  generating  an  external  torque.  Gas 
jets,  magnetic  coils,  or  gravity  gradient 
torques  are  used.  As  these  wheels  are  acceler- 
ated about  each  axis  and  operate  at  speeds 
away  from  null,  cross-axis  torques  are  gener- 
ated by  the  vehicle  motion  reacting  with  the 
momentum  vector.  The  response  speed  of  this 
system  is  quite  slow  because  the  desired 
torque  must  be  completely  generated  by  the 
rotor  torque  motor.  The  bandpass  of  the 
closed  loop  system  using  this  type  of  actuator 
is  low  compared  to  that  of  the  magnetic 
system.  Earth-based  tests  of  this  actuator  have 
shown  an  accuracy  approaching  1 arc  second. 

Control  Moment  Gyro 

The  control  moment  gyro  (CMG)  is  the 
second  type  of  momentum  exchange  device 
to  be  considered.  In  the  CMG,  unlike  the 
inertia  wheel,  the  momentum  vector  already 
exists  because  of  the  constant-speed  rotor.  To 
control  the  motion  of  the  vehicle,  the 
momentum  is  moved  into  or  out  of  the  axis 
being  controlled  by  motion  of  the  rotor 
gimbals.  The  level  of  the  torque  being  deve.- 
oped  is  related  to  the  gimbal  rate  and  the 
magnitude  of  the  gimbal  angle;  hence,  the 
torque  motor  in  this  rase  has  only  to  accel- 
erate a small  gimbal  to  achieve  a high  control 
torque.  A single-rotor  CMG  crosiH^ouples 


between  two  vehicle  axes.  As  momentum  is 
removed  from  one  axis,  it  is  added  to  the 
other.  This  cross-coupling  is  detrimental  to 
performance  but  is  negligible  for  control  with 
small  gimbal  angles.  If  all  of  the  momentum 
storage  capability  is  needed,  analytical  un- 
coupling of  the  control  axes  can  be  achieved 
by  proper  control  commands  to  the  gimbals. 

Another  approach  is  to  use  the  rotors  in 
scissored  pairs.  In  this  manner,  there  is  no 
cross-coupling  between  the  vehicle  control 
axes.  The  choice  still  exists  between  the 
single-  and  the  2-degree-of-freedom  rotors.  If 
the  gimbals  of  the  units  can  be  mechanically 
synchronized  into  scissored  pairs,  there  is  no 
difference  in  the  performance  of  the  systems. 
If,  however,  these  units  are  not  mechanically 
synchronized,  the  gimbal  servos  on  the 
2-degree-of-freedom  units  must  be  designed  to 
transmit  the  full-load  torque  being  generated 
by  the  motion  of  the  other  gimbal.  The 
torque  motor  requirements  on  the  2-degree- 
of-freedom  units  are  similar  to  those  required 
for  the  inertia  wheel.  The  2-degree-of-freedom 
unit  does  allow  a more  complete  utilization  of 
the  momentum  stor:^d  on  the  vehicle  because 
of  the  flexibility  in  orientation  of  each 
momentum  vector.  The  single-degree-of- 
freedom  and  the  mechanically  synchronized 
rotors  have  the  advantage  of  torque  amplifi- 
cation, passive  control  capability,  and  a 
simpler  control  law  mechanization.  The  band- 
pass of  these  systems  is  higher  than  that  of 
the  inertia  wheel  but  lower  than  that  of  the 
magnetic  systems.  Accuracies  have  been 
demonstrated  in  the  laboratory  for  these 
systems  of  less  than  0.1  arc  second. 

Servoed  Optics 

This  approach  to  the  problem  sounds  as 
if  it  has  all  of  the  answers  to  aU  of  the 
problems  in  precision  pointing.  Indeed,  this 
approach  has  worked  quite  successfully  in  the 
Stratoscope  program.  On  the  large  telescopes, 
however,  this  approach  is  not  as  satisfactory. 
There  will  be  servoes  on  these  units  to  correct 
the  figure  of  the  primary  optics  and  more 
servoes  to  keep  the  secondary  optics  aligned 
properly  in  the  flexing  vehicle.  These  systems 
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operate  at  the  diffraction  limits  of  the  equip- 
ment, and  the  field-or-view  of  the  systems 
moves  continually  down  with  increasing  size. 
The  use  of  a transfer  lens  for  motion  compen- 
sation would  introduce  distortion  into  the 
signal  path  that  would  not  be  there  with  the 
nomindly  nulled  system.  The  impression  is 
that  this  method  would  be  satisfactory  for 
small  systems  but  would  introduce  too  much 
image  distortion  into  the  larger  systems. 

Scrvoed  Platform 

One  application  of  this  type  of  approach 
has  been  discussed  in  the  section  on  magnetic 
gap  control.  This  type  of  system  is  applicable 
to  vehicles  where  the  experiment  package  is 
smaller  than  the  parent  vehicle.  A gimbal 
system  is  provided  for  the  experiment,  and 
torque  motors  are  placed  on  the  gimbals.  In 
the  usual  configuration,  only  2 degrees  of 
freedom  are  provided  by  the  gimbals.  The 
third  axis  is  controlled  by  the  vehicle.  This 
system  has  the  same  torque  response  limits  as 
the  inertia  wheel  and  therefore  a slower  speed 
of  response  than  that  attainable  by  other 
means.  The  system  relies  on  the  parent  vehicle 
providing  a well-controlled  reference  for  the 
unit  to  move  against.  The  use  of  bearings  or 
flex  pivots  in  the  gimbals  implies  that  thresh- 
old torque  or  spring  bias  must  be  accom- 
modated in  addition  to  the  inertial  torques  to 
the  experiment  package.  This  type  of 
approach  is  similar  to  that  used  in  the  ground- 
based  telescopes,  but  the  reference  base  for 
the  orbiting  vehicle  will  provide  a larger 
disturbance  input.  The  bandpass  of  this 
system  will  be  comparable  to  that  of  the 
inertia  wheel. 

Best  System 

At  this  time,  there  can  be  no  general 
conclusions  drawn  as  to  which  type  of  system 
is  best  because  each  application  depends  on 
the  length  of  operation,  the  rate  and  position 
requirements,  and  the  size  of  the  vehicle. 
Each  of  the  methods  discussed  can  perform  to 
the  requirements  under  favorable  operating 
conditions,  but  the  amount  of  flexibility  and 


the  ability  to  tolerate  significantly  different 
operating  conditions  indicate  some  systems 
are  better  than  others. 

Other  Considerations 

In  addition  to  the  specific  task  of  pro- 
viding a control  system  to  hold  the  vehicle  in 
the  desired  attitude  for  the  experiment 
period,  the  maneuver  schemes,  target  acquisi- 
tion, and  offset  pointing  requirements  must 
be  considered.  The  choice  of  the  scheme  for 
initial  acquisition  and  maneuvers  can  have  a 
major  impact  on  the  design  of  the  control 
system. 

The  first  objective  of  the  vehicle  is  to 
accomplish  the  initial  acquisition.  There  is 
basically  one  technique  in  use.  For  orbiting 
spacecraft,  a sun  acquisition  followed  by  a 
roll  to  a star  lock  has  become  a standard 
approach.  This  technique  can  yield  a pointing 
accuracy  of  10  arc  seconds  for  the  initial 
alignment.  The  change  to  all  stellar  references 
is  made  after  the  initial  alignment  to  decrease 
the  pointing  error  even  further.  The  problems 
that  develop  at  this  time  are  concerned  with 
the  alignment  accuracies  of  the  external 
sensors  with  respect  to  the  experiment  tele- 
scope. For  this  reason,  most  experiment  tele- 
scopes obtain  the  attitude  error  by  using  a 
small  amount  of  the  collected  light  as  the 
input  to  the  control  system.  Motion  about  the 
boresight  is  still  referenced  by  the  external 
trackers.  A sequence  of  steps  is  then  involved 
in  the  usual  approach  to  initial  acquisition, 
moving  from  the  very  coarse  initial  orienta- 
tion to  the  fine  precision  pointing. 

Consider  the  techniques  that  can  be  used 
for  maneuvering  a spacecraft.  The  most 
straightforward  is  to  maneuver  about  one  axis 
at  a time.  This  approach  is  amenable  to  imple- 
mentation by  using  a gimballed  platform, 
strapdown  gyros,  or  gimballed  star  trackers. 
The  two  axes  not  being  maneuvered  can  be 
commanded  to  maintain  a null  position 
during  the  sequence;  therefore,  error  propaga- 
tion should  be  minimized.  The  other  extreme 
of  maneuver  schemes  is  to  perform  an  Euler 
angle  maneuver,  which  is  a three-axis 
maneuver  by  the  most  direct  route  to  the 
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desired  new  heading.  This  ppproach  can  be 
used  in  a straightfor.vard  manner  if  quater- 
nions are  being  used  to  describe  the  present 
position  of  the  vehicle  and  the  new  position 
desired.  The  maneuvers  would  be  ; erformed 
at  varying  rates  about  all  three  axes  vO  accom- 
plish the  transfer  simultaneously  about  all 
three  axes.  The  maneuver  schemes  usuallv 
used  represent  compromises  between  the  one 
extreme  of  simplicity  and  maximum  time  and 
the  other  extreme  of  crnplexity  and 
minimum  time.  Use  of  the  more  complex 
schemes  requires  that  more  position  and  rate 
informatio.i  be  available  on  board  the  space- 
craft. The  onboard  computational  require- 
ments of  the  schemes  tend  to  become  more 
complex  with  the  increasing  complexity  of 
the  maneuver  scheme;  however,  fixed  rate 
maneuvers  about  all  three  axes  simultaneously 
may  cause  more  command  resolution  prot> 
lems  than  the  computations  of  the  Euler  angle 
maneuver. 

As  the  size  of  the  telescope  and  the 
length  of  the  observation  period  increase, 
offset  pointing  will  become  a more  serious 
problem.  The  requirement  for  offset  pointing 
is  determined  by  the  pointing  accuracies 
required  and  the  low  light  level  of  the  target. 
The  current  state-of-the-art  for  star  trackers 
provides  a reasonable  operating  capability  for 
stars  of  magnitude  +6  to  +9  in  brightness.  The 
more  dim  stars  are  obviously  the  most  diffi- 
cult to  acquire  and  to  track.  If  the  tatget  of 
interest  is  of  high  magnitude  in  the  star- 
tracker  sensitivity  band,  it  cannot  be  tracked 
by  using  the  onboard  equipment;  hence,  there 
is  a need  to  apply  offset  pointing.  Nearby 
stars  in  the  +6  to  +9  magnitude  range,  or 
brighter,  will  be  used  as  the  reference  system. 
They  are,  however,  offset  from  the  desired 
pointing  direction  and  therefore  are  not 
tracked  by  the  conventional  techniques.  The 
Airborne  Optical  Telescope  uses  an  au.xiliary 
fine-tracking  telescope  to  obtain  this  type  of 
tracking.  The  Stratoscope  system  also  uses 
off-axis  reference  stars  but  within  the  same 
telescope  field-of-view.  For  the  smaller  ape^ 
tures,  use  of  the  same  telescope  for  offset 
pointing  appears  feasible  because  of  the 
“large”  ficld-of-vicw;  however,  as  the  aperture 


size  increases,  the  usable  field-of-view  de- 
creases and  pointing  accuracies  become 
tighter.  This  represents  a problem  area  for  the 
large  telescopes. 

A problem  alluded  to  in  the  preceding 
sections  is  the  alignment  of  the  sensors  and 
the  experiment  telescope.  In  addition  to  this 
alignment  problem,  the  actual  focusing  of  the 
optics  must  be  considered.  For  the  Manned 
Orbiting  Telescope  vehicle,  it  was  concluded 
that  automatic  servoed  focusing  of  the  system 
was  not  only  desirable  but  also  necessary. 
This  is  to  offset  the  effects  of  thermal 
gradients  and  other  structural  deformations 
destroying  the  focus  of  the  system.  If  it  is 
necessary  to  provide  an  automatic  focusing 
system  to  align  the  telescope  optics,  it  is 
apparent  that  other  sensors  on  the  exterior  of 
the  main  body  will  also  undergo  alignment 
shifts.  Unless  there  is  some  way  of  auto- 
matically calibrating  the  system  alignment  at 
each  experiment  orientation,  the  alignment  of 
the  other  sensors  outside  of  the  telescope 
becomes  very  uncertain  and  unreliable  for 
fine  pointing. 

The  use  of  a manned  vehicle  presents 
very  stringent  requirements  on  the  control 
system  design.  Studies  of  both  the  Apollo 
Telescope  Mount  and  the  Manned  Orbiting 
Telescope  have  shown  that  man  disturbances 
to  the  operation  of  the  system  are  the  most 
severe  from  a inagnitude  and  frequency 
contact.  This  being  the  case,  steps  must  be 
taken  to  alleviate  the  effects  of  this  distur- 
bance. The  control  system  designer  has  several 
options  at  his  disposal,  including: 

1.  Constrain  man  during  experiment 
periods. 

2.  Soft-gimbal  the  experiment. 

3.  Servo-isolate  the  experiment. 

4.  Use  magnetic  gap  control  for  the 
experiment. 

To  date,  the  indications  are  that  the  first  of 
these  options  is  not  being  seriously  con- 
sidered. The  other  three  options  have  been 
seriously  considered,  and,  depending  upon  the 
study,  recommendations  for  adopting  each  of 
the  methods  have  been  made.  The  conclusion 
can  be  drawn  that  the  most  advantageous  way 
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to  handle  the  man  disturbances  is  to  keep  the 
experiment  system  as  isolated  as  possible. 

f Conclusions 

i The  current  state-of-the-art  of  the 

pointing  and  stabilization  systems  is  satis- 
s factory  for  many  applications.  A wide  variety 

of  techniques  are  applicable  to  the  missions 
with  the  specific  operating  details  providing 
the  additional  constraints.  From  a hardware 


standpoint,  the  torque  sources  have  been  or 
are  being  developed.  The  current  pacing  items 
as  far  as  system  operation  is  concerned  are  in 
the  guidance  area.  The  experimenters  are 
looking  at  more  dim  objects  and  desire  tighter 
pointing  accuracies.  These  requirements  are 
incompatible  at  the  present  time;  new  equip- 
ment and  techniques  must  be  developed. 
These  lead  to  the  area  of  offset  pointing,  a 
technology  area  requiring  development  effort. 
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The  main  purpose  of  this  paper  is  to  col- 
lect some  of  the  basic  considerations  that  will 
govern  the  full  exploitation  of  astronomical 
telescopes  in  space,  namely: 

1.  Freedom  from  the  ultraviolet  and 
infrared  atmospheric  absorption  that  limits 
the  spectral  frequency  bands  through  which 
ground-based  telescopes  can  study  the 
heavens 

2.  Absence  in  space  of  the  optical  tu^ 
bulence  of  an  atmosphere,  such  as  degrades 
the  spatial  resolving  power  of  ground-based 
telescopes. 

These  considerations  will  include  some 
evaluation  of  the  instrumental  developments 
that  could  be  pushed  now  to  expedite  this  full 
exploitation  - developments  that  are  prom- 
ised by  recent  accomplishments.  Such  devel- 
opments will  include  the  extension  of  the 
existing,  conventional,  astrophysical  art  in  the 
ultraviolet  toward  X-rays  and  in  the  infrared 
toward  millimeter  radio  waves  as  well  as  the 
adaptation  of  the  existing  art  and  new  devel- 
opments to  the  new  environment. 

Development  of  a means  of  producing 
large  grating  with  new  characteristics  will  be 
required  for  space  use.  In  the  far  ultraviolet, 
development  of  groove-forming  procedures 
for  new  material  will  be  required.  This  will 
include  groove  formation  by  holography- 
resist-etching. 

The  extension  into  the  far  ultraviolet 
will  involve  the  art  of  polishing  materials  for 
making  mirror  surfaces  and  will  include 
studies  of  pitch-type  polishing  procedures  as 
well  as  such  new  methods  as  polishing  with 
ice  and  ion-beam  polishing.  Studies  of  the 
reflectivity  and  scattering  of  various  new 
materials  will  be  involved.  It  may  be  possible 


to  remove  mirror  overcoats  from  mirrors  and 
gratings  in  space,  by  ion-beam  etching,  and  to 
re-coat  them. 

In  the  far  infrared,  there  is  promise  of  a 
1000-fold  increase  in  sensitivity  of  cryo- 
detectors;  and,  in  another  direction,  some 
form  of  infrared  image  tube  is  certainly  desi^ 
able,  considering  the  burgeoning  importance 
of  infrared  astronomy.  'x 

It  will  be  even  more  mandatory  to  avoid 
wasting  information  and  observing  time  with 
a telescope  in  space  than  it  is  with  the  powe^ 
ful  and  expensive  land-based  telescopes.  When 
a star  field  or  spectrum  is  studied  with  instru- 
mentation that  provides  adequate  resolving 
power  at,  for  example,  an  f/1  aperture,  infor- 
mation is  wasted  if  that  resolution  is  not  used. 
When  the  star  field  or  spectrum  is  over- 
resolved, observing  time  is  wasted.  We  review, 
below,  the  criterion  for  determining  a proper 
match  of  resolving  power  and  camera  aperture 
to  the  telescope  blur  circle.  The  resolving 
power  that  we  shall  take  for  the  detector  - 
for  example,  a photographic  plate  - is  SO  line 
pairs  per  millimeter  (or  A = 20/a).  We  shall 
take  a similar  resolving  power  for  a television 
type  of  image  tube.  Such  integrating  image 
tubes  are  currently  available  and  offer  .u  gain 
in  quantum  efficiency  of  a hundred  fold  or 
more  over  that  possible  with  photography. 

We  review  Bowen’s  analysis,  adapting  it 
to  the  circumstance  that  practical,  limiting, 
stellar  blur  circles  of  a 3-meter,  diffraction- 
limited  telescope  will  be  reduced  six-fold  by 
being  in  space: 

For  a ground-based,  mountain  telescope 
the  angular  seeing  blur  is 

“ 6x  10"‘  radians 


t 
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In  space,  a 3-meter  telescope  worked  at  The  matching  of  the  angular  apertures  of 

6000  A has  an  Airy  disk  of  angular  diameter  telescope  and  collimator  gives 


1.22  r 1 

" f . U J 


2S  -^x  10'®  radians. 


^e 


For  practical  reasons,'  ^hen  we  are  deter- 
mining the  width  of  a spectrograph  slit  that 
not  only  will  accept  all  of  the  collected  light 
that  is  put  in  the  star  image  but  also  will  not 
diffract  it  outside  the  rim  of  the  spectrograph 
collimator  optics,  we  take  the  blur  as  twice 
the  Airy  disk  or 


~ radians 

Figure  1 illustrates  Bowen's  analysis.  Dq 
is  the  diameter  of  the  telescope  objective  of 
focal  length  fo;  dj  and  d2  are  diameters  of 
the  collimator  and  camera  optics  for  the 
spectrograph.  A prism  is  shown  to  represent 
the  spectrum  dispersing  means  - with  angular 
dispersion,  dd/dX. 

The  blur  circle  diameter,  b (exaggerated 
in  fig.  1),  is 


Figuie  1 shows  three  camera  focal 
lengths.  The  first  focal  length  is  too  short;  it 
wastes  information.  The  third  is  too  long;  it 
wastes  observing  time.  The  intermediate  focal 
length  for  which  A,  the  resolving  power  of  the 
spectrum  recorder,  matches  the  stellar  blur 
circle,  b = (qP,  is  the  correct  one. 

Applying  Abbe’s  Law,  with  b and  A 
representing  image  sizes  and  D^/f^  and  dj  /fj 
representing  sines  of  aperture  an^es.. 


b - lof 

where  f^  is  the  focal  length  of  the  telescope. 


Bowen  pointed  out  that  the  200-inch 
telescope  (Dq  = 5 x 10*m)  required  (f/d)  = 
2/3  for  the  camera.  The  3-meter  telescope 


H 


Ftpm  1.  IBustntion  of  Bowen’s  gnosis  of  proper  spectrograph  camera  to  aviod  wasting  avaikble 
information  or  observing  time;  Hiltner’s  Astronomical  Technique*,  Oupter2,  ’’Spectrogr^ths,”  by  JS. 
Bowen,  The  University  of  Chicago  Press  (1962). 
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(Do  = 3 X 10«  M)  with  = 0o/6  = 1(T‘ 
requires,  for  the  camera, 


k. 

dj 


A _ 20 
^2X^0  3 


or  6.67 


The  important  point  is  this:  if  the  resolv- 
ing power  of  the  spectrum  recorder  (television 
detector)  can  be  improved  by  a factor  of  10,  a 
certain  information-packed  spectrum  can  be 
obtained  in  a shorter  exposure  time,  shorter 
by  a factor  of  100. 

For  studies  involving  spatial  resolution 
(such  as  direct  photography  rather  than 
spectroscopy),  v/here  it  is  possible  to  realize 
Airy  disk  resolution  for  the  3-meter  telescope, 
/3<j  = l/2x  10"®,  the  camera  focal  length  re- 
quired is  fj  /d2  = 1 3.3,  rather  than  6.67. 

The  dispersion  K,  in  angstroms  per  milli- 
meter, required  for  astronomical  studies 
depends  upon  the  problems  that  will  be 
undertaken,  but  one  may  suppose,  as  a 
prudent  upper  limit,  a dispersion  that  will 
allow  a spectral  resolution  of  5\  - 0.08  A the 
limb  to  limb  Doppler  shift  for  the  sun  at 
6000  A.  Earlier  types  of  stars  will  rotate 
faster,  in  which  case  higher  instrumental 
resolving  power  will  be  insignificant. 

The  dispersion  of  the  spectrograph 
grating  and  the  focal  lengths  of  collimator 
(fi)  and  of  the  camera  (fj)  are  all  involved  in 
the  determination  of  K.  If  (for  tutorial  pur- 
poses) we  take  ft  = fa , we  can  compute  K and 
the  size  of  the  grating  that  will  be  required  to 
yield  a resolved  spectrum,  6X  - 0.08  A at 
6000  A.  Taking  A = SO  nm  (50  line  pairs 
resolved)  for  the  detector  (spectrum  plate  or 
image  tube),  we  get 


We  shall  assume  a grating  that  is  worked 
in  the  Littrow  arrangement,  with  the  angle  of 
incidence,  0,  equal  to  the  angle  of  diffraction, 
6.  We  further  take  the  grating  spacing  as:  a = 
3.33p.  Although  this  is  perhaps  not  the 
situation  that  will  be  eventually  used,  it  can 
be  modified  to  taste.  From 

X =—  (sin  0 + sin  0)  = 2-^  s^n  d 
k k 


we  get 


dX  _ a 
d0  “k 


cos  6 


_ X cos  0 
2 sm  0 


1.3X 


and 

K 

for 


1 3 ^000  - 7800  _ ^ A 
fj  fi  mm 


fj  = 1950mm. 


The  entrance  slit  must  be  narrow  enough 
to  subtend  less  than  0.08  A ^ 8X  while,  at  the 
same>  time,  wide  enough  to  admit  all  of  the 
starlight  within  the  blur  circle: 


^ = fo  P2\  = 4.88jo_  X 
Do 

This  consideration  determines  the  collimator 
focal  length,  fj,  the  collimator  size,  and  the 
grating  size. 

This  b,  subtending  the  angle  $0  = b/fi  at 
the  grating,  together  with  5X/d0  = 1.3X, 
in  the  expression 


K = 4 A/mm  from  K x = 0.08  A 


.,dx  • j . .u  ..  niicron 

Now  if-^  IS  expressed  m the  umts— r — > 
d0  radian 

then 

ir  ^0*  A P*r  micron 

dd  ^ f]  (in  millimeters) 


0.08A 

80 

yields 
4 88  f 

X(1.3X)<0.08  A or  8x  lO'* 


i 


I 


I 
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Substituting  the  value  for  Dq  gives 

U > 4.88(X^  = 0.36>  _ 

fo  Cx  10-*  x(3x  10‘  = Dq) 

which,  in  the  expression  d/f|  ® Do/fo>  deter- 
mines collimator  rim  diameter: 

d = 0.073  X 120  = 8.75  inches 


This  would  be  a grating  ruled  on  a disk  having 
a 14-inch  diameter. 


These  are  the  considerations  involved  in 
exploitation  of  the  circumstance  that  the 
intrinsic  star  image  illumination  of  a 
diffraction-limited  telescope  in  space  increases 
with  the  fourth  power  of  the  diameter  of  iti 
aperture: 

• A power  of  two  from  the  increase 
in  flux  collecting  area  of  the  primary 

• Another  power  of  two  from  the 
decrease  in  star-blur  circle  diameter,  in  the 
denominator,  due  to  freedom  from  atmo- 
spheric turbulence. 

Now  let  us  turn  to  freedom  from  atmo- 
spheric absorption  in  the  far  infrared  and  far 
ultraviolet.  Considerable  study  has  already 
been  made  with  balloons  and  rockets  and  by 
the  Orbiting  Astronomical  Observatory 
(OAO)  in  the  ultraviolet.  Confining  ourselves 
to  our  own  specialty,  the  infrared  region,  let 
us  consider  some  of  the  general  principles  that 
point  up  the  infrared  limitations. 

Interferometric  spectroscopy  in  the 


hand?;  of  the  Connes  has  yielded  cm”‘ 


resolvir.3  power  in  the  near  infrared  Venus 
spectrum,  using  a ground-based  telescope.  It 
s^l  be  veiy  revealing  to  see  this  type  of  appli- 
cation witKc  ct  telluric  absorption. 

In  the  hands  of  Dr.  Hanel,  interfero- 
metric spectroscopy  has  revealed  the  infrared 
emission  spectrum  of  the  earth  as  seen  from  a 
space  satellite. 

Fourier  spectroscopy  has  three  advan- 


tages: 

I.  Multiplexing  or  observing  several 
spectral  components  concurrently 


2.  Large  etmdu  - to  use  Steele’s  tenn 
for  the  spectral  throughput  of  the  spectrum 
analyzer,  that  is,  Af2di^ 

3.  The  so-called  Fellgett  advantage. 

The  Fellgett  advantage  is  a gain,  by  a 

factor  of  Jn,  in  the  signal-to-noise  ratio  by 
which  each  one  of  n spectral  compo.nents  of  a 
spectrum  is  known.  The  advantage  arises 
because,  multiplexing,  we  look  with  a 
detector  at  all  spectral  components  con- 
currently for  a longer  time,  nr,  than  *he  time 
to  observe  each  component,  r,  if  all  are 
observed  sequentially.  This  decrease  in  noise 
(effective  noise  is  proportional  to  the  square 
root  of  integration  time)  gives  the  Fellgett 
advantage.  It  is  enjoyed  when  the  signal  noise 
is  the  same  for  all  components  when  they  are 
observed  simultaneously  or  observed  sequen- 
tially. 

In  the  case  of  photon  noise,  however, 
the  noise  is  not  independent  of  the  flux 
falling  on  the  detector  and  increases  propor- 
tionally to  its  square  root.  This  noise  increase 
cancels  the  Fellgett  advantage.  Even  though 
there  is  no  Fellgett  advantage  in  the  photon 
noise  case,  there  may  be  information-handling 
advantages. 

No  It’s  detector,  applied  recently  on 
Mauna  Kea  in  Hawaii  to  the  determination  of 
the  far  infrared  spectrum  of  the  sun,  operates 
at  0.4°K.  Sinton  and  Nolt  report  that  it 
e.\hibits  10~‘*  watts  ENI,  with  10~‘*  watts 
promised.  This  detector  illustrates  one  of  the 
main  characteristics  of  far  infrared  spec- 
troscopy; that  is,  for  the  infrared,  the  only 
’’dark  room”  that  can  exist  is  the  inside  of  a 
helium  cryostat  because  a surround  at  the 
temperature  T°K  has  the  peak  of  its  intrinsic 
blackbody  emission  at 


Selective  cold  filters,  which  pass  only  a 
small  spectrum  range  at  the  wavelengths 
under  study,  are  required  to  prevent  over- 
heating and  overbiasing  of  detectors.  It  does 
not  take  much  flux  to  ruin  a low  temperature 
of  0.4°  K.  This  characteristic  will  be  of 
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primary  concern  when  integrating  infrared 
image  tubes  appear  that  will  require  a “dark 
roonj.” 

Another  concern  will  be  the  degradation 
of  spatial  resolving  power  arising  from  the 
increase  of  the  stellar  blur  circle  due  to 
greater  infrared  diffraction.  At  X 3.6/r,  the 
blur  circle  of  the  3-meter  telescope  will  be  the 
same  in  space  as  a telescope  on  a mountain 


suffering  6 x lO'^seeing-blur.  At  wavelengths 
longer  than  3.6/x,  the  resolution  limit  will 
degrade  even  further  - to  minutes  at  200m, 
etc. 

If  an  intermediate  step  is  intended, 
before  the  final  large  space  telescope,  it  would 
appear  that  the  telescope  involved  should  be 
full  size  b It  instrumented  only  for  infrared 
use. 
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Photoelectronic  Imaging  Devices 


Sol  Nudelman 
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Introduction 

This  paper  is  tutorial  in  nature  and  is 
intended  to  provide  background  material  for 
those  interested  in  elemental  photodetectors 
and  photoelectronic  imaging  devices. 

A typical  low-light-level  television  type 
of  system  is  shown  in  f gure  1.  The  scene  to 
be  viewed  is  shown  on  the  left  side  of  the 
figure  with  a camera  lens  placed  to  image  the 
scene  on  the  first  photocathode  of  the  camera 
tube.  The  camera  tube  is  basically  made  up  of 
two  parts:  the  front  commonly  referred  to  as 
the  intensifier  and  the  rear  consisting  of  an 
electron-beam  scanning  typ^  of  pickup  tube. 
These  two  units  can  be  obtained  as  physically 
separate  devices  or  can  be  combined  in  one 
envelope  (refs.  1 and  2). 


Figure  1.  A typical,  low-Hght-levei,  teieviakm, 
iimgb^syttemfhy  F.  RcueB  from  ref.  9). 


The  function  of  the  intensifier  is  to 
provide  photon  gain.  Intensifier  gain  is  narrow 
bandwidth  gain,  which  permits  amplifying 
input  photon  flux  to  a ijvel  where  photon 
noise  can  dominate  the  shot  noise  of  the 
pickup  tube.  The  intensifier  photosensor  is  a 
photoemitter,  which  is  a film  that  absorbs 
photons  causing  the  emission  of  electrons. 
These  electrons  are  then  accelerated  and 
focused  by  electron  optics  and  caused  to 
bombard  the  rear  surface  of  the  intensifier, 
which  is  coated  with  a phosphor.  The  photo- 
electron pattern  emerging  from  the 
photocathode  is  reproduced  as  a luminescent 
image,  which  is  viewed  by  the  pickup  tube. 
Intensifiers  of  this  type  can  provide  not  only 
light  amplification  but  also  conversion;  that 
is,  incident  photons  might  be  in  the  ultra- 
violet spectral  region,  and  the  emitting 
photon  from  the  phosphor  surface  might  be 
in  the  green  spectral  region.  The  color  of  the 
outgoing  photons  depends  upon  the  needs  of 
the  user  being  matched  to  the  human,  for 
example,  when  used  as  a direct  viewing 
device.  When  more  photons  emerge  then  are 
incident,  the  device  is  functioning  as  an 
amplifier  or  an  intensifier.  By  attaching  these 
units  properly  in  series,  it  is  possible  to  have 
gain  in  each  stage  and  to  provide  very  sub- 
stantial amplification.  Such  gain  is  usually 
obtained  at  the  expense  cf  degradation  in 
resolution,  and,  as  a result,  one  is  limited  in 
the  extent  of  useful  gain  achievable  by  the 
resolution  requirements  of  the  appheation. 

The  pickup  tube  functions  witli  a scan- 
ning electron  beam,  which  generates  a signal 
from  the  scene  imaged  on  its  front  photo- 
sensor surface.  The  mechanism  of  scanning 
permits  charge  stonge,  thereby  enhancing 
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signal-to-noise  capability  but  operating  with  a 
wide  video  bandwidth.  Thus,  the  signal 
obtained  by  scanning  can  be  transmitted  and 
reexamined  remotely  as  in  a television  type  of 
display.  Often  this  tube  is  called  a remote 
de\jice,  and  the  intensifier  is  called  a direct 
deiiice^  -j  »-  * - 

Electron-Beam  Scanning  Tabes  .4 


The  vidicon  shown  in  figure  2,  is  the 
simplest  kind  of  remote  tube.  It  operates 
through  the  use  of  an  electron  gun  that  sends 
a beam  of  electrons  down  the  tube  to  strike  a 
photoconductive  layer  deposited  on  a trans- 
parent, conducting,  glass  front  surface.  A 
scene  to  be  viewed  is  focused  optically  on  the 
photoconductor  through  a lens.  As  the  scan- 
ning electron  beam  sweeps  across  the  photo- 
conductor surface  in  a master  mode,  it 
deposits  electrons  on  the  rear  surface  of  the 
photoconductive  layer.  Photons  absorbed  by 
the  photoconductor  from  the  imaged  scene 
cause  electrons  to  disappear  from  its  rear 
surface.  The  result  is  that  the  electron  beam, 
on  striking  a region  of  the  surface  that  has 
lost  electrons,  undertakes  to  replace  the 
electrons.  Because  the  number  of  electrons  to 
be  replaced  depends  upon  the  number  of 
photons  that  have  been  absorbed,  the  process 
of  replacing  electrons  by  the  beam  generates  a 
signal  current  that  c?n  be  capa.citively  coupled 
to  a preamplifier.  The  vidicon  is  characterized 
by  the  front-surface  photoconductive  layer, 
which  is  very  much  like  an  elemental  photo- 
conductive detector  in  that  a resistance 
change  takes  place,  leading  to  a corresponding 
change  in  current  flow,  which  represents 


signal.  The  vidicon  customarily  uses  a photo- 
sensitive surface  such  as  antimony  trisulfide. 

Another  device  using  a similar  con- 
struction is  called  the  plumbicon.  It  differs 
from  the  vidicon  in  using  a different  photo- 
sensor material  called  lead  oxide.  ' .lis 
material  appears  electronically  more  com- 
plicated than  antimony  trisulfide  in  that  there 
is  considerable  evidence  that  its  photo- 
sensitivity depends  upon  p-n  junction  effects 
rather  than  simply  photoconductivity. 

The  image  orthicon  shown  in  figure  3,  is 
a more  complicated  device.  There  are  two 
areas  of  difference  to  be  stressed  between  this 
tube  and  the  vidicon.  First,  the  photosensitive 
surface  is  a photoemiiter  and  not  a photo- 
conductor. Electrons  are  emitted  from  the 
rear  surface  of  the  photosensors  and  reimaged 
on  a target  surface.  The  target  is  constructed 
from  a mateiial  called  a secondary  electron 
emitter;  that  is,  i*  material  capable  of  emitting 
two  or  more  electrons  when  bombarded  by  an 
incident  electron.  Thus,  when  photoelectrons 
strike  the  target,  they  cause  the  target  to  emit 
more  electrons  than  are  incident;  con- 
sequently, the  target  becomes  positively 
charged  from  a deficiency  of  electrons.  This 
kind  of  target  provides  a means  for  obtaining 
gain  before  scanning  with  the  electron  beam. 
The  electron  beam  from  the  gun  has  the  same 
function  as  it  had  in  the  vidicon;  that  is,  to 
spray  charges  on  the  back  surface  of  the 
ta  get.  The  image  orthicon,  however,  is  set  up 
sr  that  the  electrons  not  retained  by  the 
target  are  reflected  back  to  the  region  from 
whence  they  came.  Furthermore,  the  return 
beam  does  not  follow  the  identical  path  as  the 
incident  beam  because,  as  the  return  beam 
nears  the  emitting  aperture,  it  is  deflected 
into  an  electron  multiplier.  This  kind  of 
amplifier  is  particularly  useful  because  it 
permits  amplification  with  little  degradation 
in  the  signal-to-noise  ratio.  Since  secondary 
electrons  are  beittg  removed  from  one  side  of 
the  target  and  being  d<;posited  by  the  beam 
on  the  other  side,  the  target  must  have  some 
electrical  conductivity.  A resistivity  such  that 
the  dielectric  relaxation  time  is  the  same  as 
the  frame  time  insures  that  these  charges  can 
flow  through  the  target  and  neutralize  each 


* 


* 


PHOTOELECTRONIC  IMAGING  DEVICES 


91 


MO«lZONTAl 
& VERTICAL 


S'CTION 


SECTION 


SECTION 


Figure  3.  Schemata  cron-section  of  vidkon  image  orthkon  (by  K.  W.  Redington  from  ref.  10). 
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other  at  an  appropiiate  rate.  For  materials 
with  the  usu^  dielectric  constants,  a resis- 
tivity is  required  of  about  10“  ohm  centi- 
meters. 

A variety  of  materials  have  been  used  for 
the  storage  target.  Originally,  this  was  a soda 
lime  glass  whose  conductivity  was  ionic.  Un- 
fortunately, the  ions  always  drifted  in  the 
same  direction.  Eventually,  the  glass  became 
more  resistive,  and  patterns  would  “bum  in.” 
This  image  retention  became  objectionable 
after  only  a very  few  hundred  hours  of  opera- 
tion. A thin-fllm  magnesium-oxide  target 
(which  is  electron-conducting)  was  developed 
to  solve  this  problem.  Not  only  was  magne- 
sium oxide  successful  in  this  regard,  but  it 
also  provided  two  important  bonuses.  The 
secondary  emission  ratio  of  magnesium  oxide 
in  thin  film  form  is  about  IS;  this  gives  a gain 
in  the  image  section  about  five  times  as  large 
as  a conventional  glass  target.  In  addition,  the 
magnesium  oxide  target  is  only  about  one 
tenth  the  thickness  of  the  glass  target,  and  its 
conductivity  is  anisotropic,  being  higher 
through  the  film  than  along  the  surface.  Thus, 
magnesium  oxide  targets  displayed  ver>'  high 
resolution  and  could  be  operated  in  a storage 
or  slow  scan  mode. 

A two-stage  intensifler  image  orthicon  is 
shown  in  figure  4.  This  device  is  simply  a 
combination  of  an  image  orthicon  with  two 


intensifier  stages  placed  in  front  of  the  image 
orthicon.  The  two  intensifiers  are  coupled 
through  a thin  glass  membrane.  The  front  side 
of  this  membrane  supports  a phosphor  screen 
and  the  back  surface  a photoemissive  coating. 
Today,  the  thin  glass  membrane  is  often 
replaced  by  fiber  optics,  which  permits 
improvements  particularly  in  the  design  of  the 
electron  optics.  The  remainder  of  the  tube  is 
the  same  as  the  image  orthicon. 

The  isocon,  shown  in  figure  5,  is  similar 
in  structure  to  the  image  orthicon  or  the 
intensifier  image  orthicon,  with  the  distinc- 
tion being  in  the  treatment  of  the  return 
beam  electrons.  This  device  makes  use  of  the 
scattered  electrons  rather  than  those  reflected 
from  the  rear  surface  of  the  target.  It  contains 
the  same  photocathode  and  target  materials  as 
in  the  image  orthicon.  The  electron  optics, 
however,  is  set  up  so  that  the  reflected  and 
scattered  electrons  in  the  return  beam  can  be 
separated  from  one  another,  and  the  scattered 
electrons  alone  are  permitted  to  enter  the 
multiplier  section  of  the  tube  (ref.  3). 

The  SEC  tube  is  shown  in  figured.  It 
differs  from  the  earlier  tubes  in  that  the  target 
is  made  up  of  a low  density  material  designed 
to  provide  enhanced  secondary  electron  con- 
duction (SEC)  and  considerable  gain.  The 
extent  of  this  gain  is  sufficient  to  extract  the 
signal  from  the  SEC  target  directly,  as  in  a 
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Figure  4.  A two-stage  intensifter  image  orthkon:  Isocon  (by  A.  D.  Cope  from  ref.  10). 


Figjure  5.  Schematic  cross-sectiort  of  new  image  isocon  (by  £.  M.  Mussebnan  from  ref.  10). 


vidicon,  rather  than  requiring  the  use  of  a 
return  beam  and  the  electron  multiplier 
section  (ref.  4). 

Electronic  Mechanisms  in  Crystals 

In  order  to  understand  how  these 


different  kinds  of  photoelcctionic  imaging 
devices  operate,  it  is  important  to  visualize 
the  electronic  mechanisms  prevailing  in 
photoemissive  and  photoconductive  sensors. 
A two^mensional  drawing  of  a crystal 
characterized  by  covalent  bonding  is  shown  in 
figure  7.  This  type  of  bonding  is  typical  of 
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Figure  6.  Schematic  cross-section  of  SEC  tube  (by 
G.  W.  Goetzefrom  ref.  10). 


Figure  7.  A two-dimensu>rud  cry stal:showing  (upper 
part)  lattice  for  covalent  bonding  with  bnpwities 
and  (lower  part)  corresponding  energy  level 
diagram. 

crysttals  such  as  gemaniutn  and  silicon  in  the 
fourth  column  of  the  periodic  table.  Each  of 
the  circles  represents  an  atom,  and  the  double 
pairs  of  lines  represent  covalent  bonding;  that 
is,  two  electrons  are  shared  between  each  two 


adjacent  atoms.  The  shared  electrons  are 
called  valence  electrons;  these  are  shown  in 
the  energy  level  diagram  as  belonging  in  the 
valence  band.  Electrons  described  by  these 
lines  are  held  and  shared  between  two  atoms; 
they  are  not  free  to  move  about.  Electrons 
that  are  not  shared  in  this  manner  and  that 
are  free  to  move  about  the  crystal  are  said  to 
be  in  the  conduction  band.  Electrons  may  be 
free  because  they  have  been  shaken  loose 
between  atoms  due  to  thermal  vibrations  or 
perhaps  by  absorbing  energy  from  a photon. 

Impurities  in  the  lattice  are  shown  in 
figure  7 as  an  arsenic  impurity  and  an  indium 
impurity.  Indium  is  in  the  third  column,  and 
arsenic  is  in  the  fifth  column  of  the  periodic 
table.  Indium,  being  in  the  third  column, 
causes  a deficiency  of  one  valence  electron 
when  it  replaces  an  atom  such  as  germanium 
or  silicon  in  a crystal.  This  results  in  the 
creation  of  an  energy  state  in  the  crystal 
cdled  an  acceptor  state.  An  electron  in  the 
valence  band  that  is  tied  between  pairs  of 
atoms  may  jump  from  its  bound  position  into 
the  vicinity  of  the  indium  atom  where  it  can 
be  captured.  When  it  is  captured,  the  electron 
sits  in  this  new  acceptor  energy  state  and  has 
more  energy  than  it  would  have  had  if  it  were 
in  a normally  bound  state  in  the  valence  band. 
.Accordingly,  it  is  shown  as  a localized  energy 
state,  E A,  slightly  above  the  valence  band. 

The  electron  sitting  in  the  acceptor  state 
leaves  an  electron  missing  in  the  valence  band, 
which  is  referred  to  as  a “hole.”  The  hole  can 
move  from  one  atomic  site  to  another  by  a 
jumping  mechanism;  that  is,  a valence  elec- 
tron in  a nearby  atom  jumps  into  the  place 
vacated  by  the  electron  in  the  acceptor  state. 
This  jumping  process  can  be  repeated,  and  the 
hole  moved  further  by  an  electron  from  a 
divert  at  nearby  atom  jumping  into  the  hole. 
A hole  behaves  as  a positive  charge,  having  a 
magnitude  equal  to  the  charge  of  an  electron. 
In  moving  throu^  the  crystal,  holes  behave  as 
an  electrical  current  of  positive  charges.  When 
a crystal  is  doped  with  impurities  so  that  the 
hole  conduction  predominates  over  electron 
conduction,  the  crystal  is  said  to  be  “p”  type. 

The  arsenic  atom  is  a fifth  column  atom 
and  therefore  has  one  extra  electron.  When 
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substituted  for  a germanium  or  silicon  atom 
in  the  host  crystal  lattice,  the  extra  electron  is 
partially  shielded  from  the  parent  atom. 
Hence,  although  the  electron  is  still  bound  to 
the  parent  atom,  it  is  relatively  easy  for  the 
electron  to  gain  sufficient  energy  to  be  freed 
from  its  parent.  Accordingly,  its  energy  level 
is  only  slightly  below  the  conduction  band 
energy  and  is  shown  as  Eq  (fi^.  7)  and 
described  as  a donor  energy  level.  The  near- 
ness of  the  donor  level  to  the  conduction 
band  results  in  more  electrons  being  in  the 
conduction  band  because  they  are  more  easily 
freed  from  their  parent  atom  by  thermal 
processes.  As  a result,  electrical  conduction 
by  electrons  is  increased.  Material  doped  so 
that  the  electron  conduction  predominates 
over  hole  conduction  is  said  to  be  “n”  type. 

Notice  that,  in  the  energy  level  scheme, 
there  is  a separation  shown  between  the 
valence  band  and  the  conduction  band.  This 
separation  is  called  the  energy  gap.  When  an 
electron  is  shaken  loose  from  between  two 
atoms  (as  a result  of  their  thermally  induced 
vibration)  and  becomes  free  to  roam  through 
the  lattice,  or  when  an  electron  absorbs 
energy  from  a photon,  the  electron  is  shown 
on  an  energy  level  diagram  as  a vertical  transi- 
tion from  the  valence  band  to  the  conduction 
band.  Similarly,  when  an  electron  that  has 
been  free,  and  is  said  to  be  in  the  conduction 
band,  passes  near  atoms  that  have  a missing 
electron  between  them,  the  electron  will  be 
attracted  to  that  site  and  may  be  captured. 
This  process  is  shown  on  an  energy  level 
diagram  as  a vertical  transition  downward. 
The  electron  is  said  to  make  a transition  from 
the  conduction  band  to  the  valence  band. 
This  transition  may  occur  with  the  emission 
of  radiation  of  photon  energy,  where  this 
energy  is  equal  to  the  energy  gap.  The  other 
transitions  shown  in  figure  7 describe  absorp- 
tion and  emission  processes  involving  impu- 
rities or  dislocations  and  also  trapping 
processes. 

The  electron  trap  is  indicated  in  figure  7 
by  Te  in  the  ener^  level  diagrain.  This  is 
assc'ciated  with  an  impurity  or  a crystal  dis- 
location that  has  the  ability  to  attract  and 
temporarily  hold  e'ectrons  in  its  vicinity. 


Thus,  when  electrons  free  to  move  about  the 
crystal  and  said  to  be  in  the  conduction  band 
pass  near  such  an  impurity  or  dislocation  site, 
they  can  be  attracted  to  that  site  and  then 
immobilized  or  trapped  in  its  vicinity  for 
some  time.  Eventually,  through  themial 
excitation  processes,  the  electron  may  again 
become  freed  and  return  to  the  conduction 
band.  This  trapping  and  freeing  process  may 
be  repeated  many  times  during  the  lifetime  of 
an  electron.  It  is  the  main  mechanism  con- 
tributing to  longtime  decay  in  photoconduc- 
tivity and  photoluminescence. 

Toward  the  middle  of  the  energy  level 
diagram  in  figure  7 is  shown  another  localized 
level,  indicated  as  R^.  This  level  often  acts  as 
a recombination  center;  that  is,  where  elec- 
tron recombination  processes  are  maximized. 
Recombinations  downward  need  not  be 
accompanied  by  radiation;  they  may  involve 
an  interaction  between  the  electron  and  the 
host  crystal  lattice.  In  that  event,  instead  of 
radiation  emerging  from  the  crystal,  the 
energy  of  the  electron  could  be  absorbed  in 
the  host  lattice  with  a corresponding  change 
in  crystalline  temperature. 

A vidicon  photoconductive  film  is  shown 
in  figure  8.  The  layer  is  considerably  enlarged 
with  light  from  the  scene  impingeing  on  one 
side  and  the  scanning  electron  beam  on  the 
other.  Photons  absorbed  by  the  material 
create  electron  and  hole  pairs.  The  holes 
under  the  influence  of  the  applied  electric 
field  orift  toward  the  surface,  which  has  had 
electrons  deposited  by  the  team.  Elections 
drift  toward  the  tran^arent  conducting  elec- 
trode and  leave  the  photoconductor.  The 


Figure  8.  The  vidicon  photoconductive  ftim. 
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holes  recombine  with  surface  electrons  and 
remove  them  from  the  photoconductor.  As  a 
result,  when  the  electron  beam  returns  to  a 
place  where  holes  have  removed  electrons,  it 
puts  the  electrons  back  and,  through  capaci- 
tance, couples  a signal  current  into  a pre- 
amplifier (ref.  5). 

Imaging  devices  also  use  p-n  junctions  in 
their  photosensitive  layer.  A rudimentary  out- 
line of  a p-n  junction  is  shown  in  figure  9,  the 
upper  part  depicting  crystal  type  (with  n-  and 
p-type  regions)  and  the  lower  part  showing 
the  corresponding  energy  level  diagram.  The 
n-  and  p-type  materials  are  grown  from  a 
common  substrate;  that  is,  the  substrate  may 
normally  be  n type  or  p type,  and  the  re- 
maining type  is  grown  by  some  treatment  of 
the  surface  of  the  substrate.  The  interface 
between  the  n-type  and  p-type  regions  con- 
stitutes a barrier  layer.  The  barrier  is  the 
result  of  the  electrons  from  the  n-type  region 
diffusing  into  the  p-type  region  and  the  holes 
from  the  p-type  region  diffusing  into  the 
n-typs  region.  This  charge  displacement 
creates  an  internal  electric  field.  The  diffusion 
process  is  balanced  eventually  by  what  is 
called  a drift  process.  A drift  of  electrons  arid 


Figure  9.  The  P-W  Junction:  showing  (upper  part) 
ayattd  type  and  (lower  part)  corresponding  energy 
Uvel  diagram, 


holes  results  from  the  internal  electric  field, 
thereby  causing  carriers  to  move  in  the 
opposite  direction  to  that  caused  by  the 
diffusion  process. 

The  n-type  region  results  from  doping 
the  crystal  with  impurities  that  contribute 
extra  electrons  and  donor  states;  the  p-type 
region  contains  an  excess  of  impurities  that 
provide  acceptor  states  and  an  excess  of  holes. 
The  energy  level  diagram  of  figure  9 depicts 
these  levels  by  D and  A for  donor  and 
acceptor,  respectively.  The  level  referenced  as 
Cp  is  called  the  Fermi  level.  The  Fermi  level 
has  a special  significance  in  semiconductor 
physics  and  is  a quantity  that  appears  in  the 
Fermi  distribution  function.  It  is  that  partic- 
ular energy  level  which  predicts  a probability 
of  one-lidf  that  an  electron  in  a system 
following  this  distribution  function  would  be 
located  at  that  energ>'  level.  Thus,  on  the 
n-type  side,  this  probability  is  high  near  the 
conduction  band,  reflecting  the  donor’s  con- 
tnbuting  many  electrons  to  the  conduction 
band  and  shifting  the  distribution  of  electrons 
high  up  in  the  energy  level  scheme.  On  the 
p-type  side,  however,  the  Fermi  level  is  close 
to  the  valence  band,  reflecting  the  fact  that 
the  acceptor  impurities  cause  the  distribution 
function  for  electrons  to  move  downward 
closer  to  the  valence  band.  Therefore,  for  the 
p-type  crystal,  fewer  electrons  are  in  the 
conduction  band  than  for  the  n-type  material. 
When  an  electric  field  is  applied  to  such  a 
diode  type  of  structure,  it  causes  the  energy 
level  on  the  p-t>’pe  side  to  shift  higher  or 
lower  with  respect  to  the  n-type  side,  de- 
pending upon  the  direction  of  the  applied 
electric  field.  For  example,  if  the  n-tj-pe 
material  is  connected  to  the  negative  elec- 
trode of  a battery  and  the  p-type  side  to  the 
anode  of  the  battery,  this  is  said  to  be  the 
forward  direction  for  biasing  the  diode.  This 
results  from  electrons  being  more  easily 
drawn  from  the  n-type  side  to  the  p-type  side 
and  holes  being  more  easily  drawn  from  the 
p-type  to  the  n-type  side.  This  happens 
because  the  applied  dectric  field  is  opposed 
to  the  internal  fidd  in  the  barrier  region, 
resulting  in  a net  reduction  of  the  total  Add 
and  thereby  allowing  an  easier  flow  of  the 
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diffusion  type  of  current.  If,  however,  the 
electrode  polarity  is  reversed,  then  the  direc- 
tion of  the  applied  field  is  the  same  as  the 
direction  of  the  internal  field;  and  it  becomes 
more  difficult  for  charge  carriers  to  move 
across  the  barrier.  This  corresponds  to  an 
increase  in  the  height  of  the  energy  band 
going  from  the  n-type  to  the  p-type  side. 

A photoelectric  effect  can  be  generated 
when  photons  are  absorbed  in  the  barrier 
region  or  within  a diffusion  len, -.t  of  the 
minority  carrier  on  either  side  of  ■ u barrier. 
When  this  happens,  the  electr  will  be 
swept  into  the  n-type  material;  a.  the  ho^j 
will  be  swept  into  the  p-type  mate.  '.al.  !i  one 
were  to  put  electrodes  across  the  crystal  diode 
and  to  include  an  appropriate  meter,  one 
would  find  that  this  process  generates  a 
photovoltaic  effect.  This  is  the  basis  of  the 
solar  cell  and  also  the  photovoltaic  detector 
when  it  is  included  in  a photoconductive  type 
of  circuit. 

Silicon  Vidicon 

The  silicon  vidicon,  which  is  undergoing 
intensive  research  and  development,  makes 
use  of  a photosensor  comprising  a mosaic  of 
back-biased  photodiodes.  The  electron  beam 
scans  the  surface  of  this  mosaic  of  back-biased 
diodes  and  deposits  electrons  as  in  the 
vidicon.  This  is  shown  in  figure  10  (ref.  6).  On 
the  opposite  side  of  the  surface  of  the  photo- 
sensor, photons  impinge  and  are  absorbed, 
thus  causing  the  creation  of  electrons  and 
holes  described  for  the  p-n  junction.  As  a 
resuit,  holes  are  swept  into  the  p region,  and 
they  remove  electrons  from  the  back  surface. 
This  type  of  system  has  a number  of  advan- 
tages, including  far  less  fragility  than  the 
image  orthicon  type  of  tube  structure. 
Furthermore,  by  back-biasing  the  diodes,  it  is 
possible  to  operate  the  tubes  with  storage  by 
using  semiconducting  materials  whose  energy 
gaps  would  normally  be  too  narrow  to  use  in 
image  tubes.  They  function  with  hi^ 
efficiency  and  do  not  suffer  unduly  from  lag. 
When  silicon  is  used  as  the  target  material,  the 
spectral  response  of  the  device  moves  toward 


Figure  10.  Silicon  vidicon  mosaic  sensor  (from 
refs.  6 and  10). 

longer  wavelengths,  corresponding  to  the 
absorption  edge  of  silicon. 

A modification  of  the  silicon  vidicon  is 
to  use  the  silicon  mosaic  in  an  SEC  type  of 
image  tube.  In  this  approach,  a conventional 
photoemitter  front  surface  is  used  as  the 
photosensor,  and  the  silicon  mosaic  is  used  as 
a target  material  from  wldch  one  can  achieve 
appreciable  gain.  This  is  a result  of  electron- 
bombardment-induced  conductivity.  On  being 
accelerated  and  striking  the  p-n  junction 
device,  electrons  from  the  photoemitter  cause 
many  more  holes  to  be  created,  which  results 
in  enhanced  depletion  of  stored  charges  on 
the  back  surface  of  the  target  and,  corre- 
spondingly, an  enhanced  signal.  Gain  provided 
in  this  manner  is  considerable  and  has  reached 
the  point  vriiere  there  is  a strong  likelihood 
that  this  type  of  tube  may  well  become  the 
predominant  image  tube  in  many  applications 
in  the  years  ahead. 
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Photoemission 

Photoemitters  can  now  be  examined  in 
terms  of  their  band  structure.  The  metallic 
emitter  is  depicted  in  figure  1 1 , where  is 
the  energy  required  for  an  electron  at  the 
Fermi  level  to  escape  from  the  surface  and  is 
called  the  work  function.  Most  electrons  that 
can  participate  in  photoemission  are  near  the 
Fermi  level  and  thus  require  the  energy,  E^, 
to  escape. 

SIMPLIFIED 


Figure  1 1.  Photoemismn  from  metals. 


The  semiconducting  photoemitter  is 
shown  in  figure  12  with  the  usual  energy  band 
picture,  but  the  picture  ends  abruptly  where 
the  surface  of  the  crystal  meets  the  vacuum. 
The  valence  band  and  the  conduction  band 
are  shown.  The  top  of  the  conduction  band 
corresponds  to  the  vacuum  energy  level.  The 
dashed,  curved  line  on  the  right  represents  a 
more  usual  shape  for  the  barrier  than  the 
abrupt  shape  shown  at  the  surface  as  position 
zero.  The  curved  shape  is  the  result  of  electro- 
static forces  that  set  up  between  the  atoms 
comprising  the  crystal  immediately  below  the 
surface.  Photoelectrons  can  come  from  the 
bottom  of  the  conduction  band,  or  the 
valence  band,  or  the  donor  levels.  Transitions 
can  be  made  out  of  the  crystal  if  energies  are 
given  to  the  electrons  from  the  valence  band 
equal  to  the  energy  gap  plus  the  width  of  the 
conduction  band.  This  width  is  called  the 
electron  affinity.  Electrons  can  be  excited  out 
of  the  donor  levels  if  they  are  given  enough 
energy;  that  is,  equal  to  the  depth  of  the 
energy  level,  Ep,  plus  the  electron  affinity. 


Figure  12.  Photoemission  from  semiconductors. 

or,  if  one  is  trying  to  get  an  electron  out  of 
the  conduction  band  essentially,  enei'gy  is 
required  equal  to  the  electron  affinity. 

The  barrier  can  be  reduced  and  the 
electron  photoemission  improved  in  two 
different  ways.  One  way  is  by  placing  a 
monolayer  of  ::mc  metal  on  the  surface 
whose  work  function  is  essentially  equal  to 
the  energy  between  the  bottom  of  the  semi- 
conductors conduction  band  and  the  Fermi 
level.  When  two  materials  are  placed  in 
crystallographic  contact,  their  Fermi  levels 
line  up;  that  is,  if  a metal  is  placed  on  the 
surface  of  the  semiconductor,  then  its  Fermi 
level  (which  is  the  value  where  the  electron 
probability  function  is  one-halO  lines  up  with 
the  identical  level  in  the  crystal.  Electrons 
move  back  and  forth  between  layers  of  two 
different  materials  until  their  Fermi  levels  line 
up.  As  a consequence,  situations  can  arise 
such  as  those  shown  in  figure  13  (ref.  7). 

In  figure  13(a)  is  the  general  case  of  a 
semiconductor,  showing  the  bottom  of  the 
conduction  band,  the  top  of  the  valence  band, 
and  the  Fermi  level.  If  a layer  of  cesium  is 
placed  on  top  of  a semiconductor  whose 
band^p  is  not  specified,  then  the  Fermi  levels 
line  up  and  the  vacuum  level  of  the  metal 
adjusts  accordingly.  In  figure  13(a),  the 
energy  gap  of  a semiconductor  is  less  than  1.4 
electron  volts.  As  a result,  electrons  in  the 
semiconductor  conduction  band  would  have 
to  gain  enough  energy  to  climb  above  the 
banier  or  sufficient  energy  so  that  it  would  be 


98 


OPTICAL  TELESCOPE  TECHNOLOGY 


T 

l4fV 


i 


(e) 


Flgwvl3.  Reduction  of  surfMtbarrten( from  ref.  7). 


relatively  easy  for  the  electrons  to  pass 
through  the  thin  barrier.  This  latter  process  is 
called  “tunnelling"  and  is  a phenomenon  that 
arises  from  quantum  mechanical  considera- 
tions. In  the  tunnelling  process,  an  electron 
goes  through  the  thin  barrier  rather  than  over 
it.  Figure  13(b)  shows  a case  in  which  cesium 
is  deposited  on  gallium  arsenide.  Since  the 
work  function  of  cerium  is  esiientially  equal 
to  the  energy  from  the  Fermi  levd  of  the 
p-type  gallium  arsenide  to  the  bottont  of  its 
conduction  band,  the  problem  is  for  the  elec- 
tron to  tunnel  through  the  remaining  thin 
barrier.  Figures  13(c)  and  13(d)  show  varia- 
tions on  this  theme.  In  figure  13(c),  the  work 
function  of  the  cesium  and  oxygen  (iaced  on 
gallium  arsenide  turns  out  to  be  less  than 
1.4  electron  volts  with  the  result  that  the 


work  function  is  further  reduced.  In 
figUiS  13(d),  gallium  arsenide  is  coated  witli 
cesium  oxide,  wh'ch  has  a work  function  of 
1.3  electron  volts. 

A second  way  in  which  electrons  can  be 
encouraged  to  pass  out  from  photoemissive 
materials  is  to  use  a field  effect;  that  is,  to 
deposit  a layer  on  the  semiconductor  ttus 
creating  a barrier  layer  that  can  be  back- 
Inased.  With  sufficiently  high  fidds  applied 
across  the  depletion  or  barrier  region,  the 
work  function  is  effectively  reduced,  and 
electrons  can  be  made  to  pass  over  the 
resultant  barrier.  For  any  efficient  photo- 
cathode with  a spedficaUy  desired  qiectral 
limit,  it  is  merJh\  to  insure  strong  absorption 
of  light  out  to  that  wavelength  by  sdectinga 
semiconductor  wiiose  bandgap  corresponds  to 
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this  threshold.  Energy  required  above  that 
value  is  determined  by  the  effective  surface 
barrier. 

The  first  requirement  for  high  quantum 
yield  is  that  the  escape  depth  of  the  excited 
electrons  must  be  large  when  compared  with 
the  absorption  length.  Second,  a large  fraction 
of  the  absorbed  quanta  must  excite  electrons 
to  energy  levels  above  that  of  the  vacuum. 
Third,  the  probability  of  escape  of  electrons 
from  the  surface  must  be  high.  These  three 
requirements  for  the  efficient  extraction  of 
excited  electrons  into  vacuum  lead  to  the 
tunnelling  and  high  field  mechanisms  already 
described. 

Elemental  Photodetectors 

The  circuitry  usually  us'd  for  an 
elemental  photodetector  (ref.  8)  is  shown  in 
figure  14.  It  provides  a bias  current  through  a 
load  resistor,  Rj , and  a detector  of  resistance, 
Rj).  This  is  coupled  through  a capacitor  to  a 
preamplifier,  then  to  appropriate  circuitry, 
according  to  the  needs  of  the  users.  The 
simple  photoconductor  detector  is  nothing 
more  than  an  elemental  material  that  changes 
resistance  on  exposure  to  photons.  The 
absorbed  phetons  cause  a resistance  change 
that  causes  a variation  in  voltage  across  the 
load  resistance,  which  is  then  transmitted 
through  the  capacitor  as  a vr-rying  signal 
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Figure  14.  Ekmentel  photoconductire  detector 
ebcuitry. 


voltage.  When  put  into  an  optical  scanning 
system,  this  type  of  detector  permits  the  re- 
production of  video  information. 

The  kind  of  information  provided  the 
user  of  infrared  elemental  detectors  is  shown 
in  figure  15.  The  format  followed  was  devel- 
oped at  the  Naval  Ordnance  Laboratory, 
Corona,  in  its  infrared  laboratory.  Beginning 
in  the  early  1950’s,  this  laboratory  had  the 
mission  of  functioning  as  a standards  labo- 
ratory for  infrared  detectors.  Note  that,  in 
addition  to  the  operating  conditions,  absolute 
information  is  provided  in  terms  of  a quantity 
called  D*  (Detectivity  Star).  This  is  a number 
that  rates  a detector  independent  of  its 
surface  area  and  the  bandwidth  of  the  mea- 
surement. D*  has  as  its  reference  the  back- 
ground limiting  condition,  which  is  usually 
depicted  as  that  from  a blackbody  operating 
at  room  temperature.  The  engineer  or  applied 
scientist  usually  works  with  the  Noise  Equiva- 
lent Power  (NEP),  which  is  that  power  irradi- 
ating a detector  when  the  signal-to-noise  ratio 
is  unity.  A fundamental  unit  used  on  occasion 
is  the  Detective  Quantum  Efficiency  (Qjj), 
which  is  a measure  of  the  intrinsic  ability  of 
the  device  to  convert  incident  ph  .tons  into 
countable  charge  carriers;  that  iis  effi- 
ciency. Figure  16  shows  D*  as  a function  of 
wavelength  for  a variety  of  detectvi.'s  and 
shows  in  particular  how  good  these  detectors 
are  compared  to  the  ideal  or  backg:<  ..nd- 
limited  condition.  These  curves  were  taken 
from  a brochure  of  a commercial  supplier  as 
an  illustration  of  devices  realistically  available. 

Information  provided  to  the  user  of 
image  tubes  is  quite  extensive;  however,  it 
does  lack  in  one  important  aspect,  in  pro- 
viding absolute  information.  In  my  expe- 
rience, I have  only  seen  a Phillips  x-ray  tube, 
for  example,  described  in  terms  of  its  Detec- 
tive (Quantum  Efficiency.  Figure  17  reviews 
the  definitions  of  NEP,  D*,  and  Qn  for  in- 
frared detectors.  Comparable  quantities  are 
derivable  for  image  tubes,  but  as  yet  they 
have  not  been  tested  for  either  accuracy  or 
application. 
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I TEST  RESULTS 

CONDITIONS  OF  MEASUREMENT 

R (volts/watt) 

3,6  X 10® 

Blackbody  temperature 

(500, 860) 

(K) 

500 

Hjj  (watts/cps^-cm*) 
(500,860) 

Pj^  (watts/cp$^) 

6.1  X 10'** 

Blackbody  flux  density 
Ouwatts/cm* , rms) 

9.0 

(500, 860) 

D*  (cm  cps^/watt) 

7.8  X 10'*® 

Chopping  frequency 
(cps) 

860 

(500, 860) 

4.5  X 10*® 

Responsive  time 
constant  (/isec) 

0.2 

Noise  bandwidth  (cps) 

6J 

Rx 

Cell  temperature  (*K) 

77 

''max 

Rbb 

1.7 

Cell  current  for 

Peak  wavelength  (m> 

8.2 

860<p$  data  (/iia) 

3Sx  10« 

Peak  detective  modu* 

Cell  current  for 

lation  frequency  (cps) 

>7.0  X 10* 

3.9  X 10* 

®*mm  (cntcps^/watt) 

7.4  X 10** 

Load  resistance  (ohms) 

202 

CELL  DESCRIPTION 

Type 

HgCdTe 

Transformer 

— 

Shape  of  sensitive 
area  (cm) 

0.0356  x 0.0356 

Relative  humidity  (%) 

36 

Area  (cm^) 

1.27x10  * 

Responsive  plane 

Dark  icsistance 
(ohms) 

33 

(from  window) 

Dyp^c  resistance 

Ambient  temperature 

(ohms) 

— 

CC) 

23 

Field  of  view 

15- 

Ambient  radiation 

i 

i 

Window  material 

IRTRAN2 

on  detector 

296*Konly 

Ftgurt  JS.  Detector  data  sheet  (by  permIsstoH  of  W.  L Eisemmn  and  R.  F.  Potter,  iVHf,  Corona 
Laboratories,  Corona,  CaUfonda,  on  Detector  lOS  H'CdTe.  Detector  staled  by  Texas  Initrwnents 
Corp.). 


PHOTOELECTRONIC  IMAGING  DEVICES 


iOl 


Figure  16.  D*  versus  wavelength  of  various  photodetectors. 
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m 
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a 
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A 
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Background  Photons  Counted  in  Tq 

■ Signal  Voltage 

M. 

m 
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To 

IB 
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Figure  17.  DefbtiHont  of  Noise  EquMent  Power  (NEP),  DetectMty  Star  (D*).  and  Detective  Quantum 

Efficiency  (Qjy)  as  used  far  irfiared  detectors. 
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Space  Sciences  Data-Handling  and  Mission  C 3erations 

George  H.  1 ndwig 

NASA  Goddard  Space  Flight  Center 


Introduction 

If  a space  mission  is  to  be  wholly  or 
partially  justified  on  the  basis  of  the  scientific 
experiments  that  it  may  carry,  then  it  is 
important  to  realize  that  the  objectives  of  the 
mission  will  be  realized  not  when  the  space- 
craft is  activated,  nor  when  the  data  have 
been  returned,  but  only  after  the  data  have 
been  processed  and  analyzed  and  the  results 
published  by  the  experimenters.  This  paper 
addresses  the  problems  of  processing  on  the 
ground  the  very  large  volumes  of  data  that  are 
telemetered  from  modem  spacecraft. 

To  introduce  the  problem,  figure  1 
shows  the  general  data  flow  for  a space 
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mission.  It  was  drawn  specifically  for  the 
Explorer  and  Observatory  class  of  spacecraft, 
but  it  is  also  generally  applicable.  A space  ex- 
periment system  has  a number  of  sensors  that 
feed  data  in  electronic  form  into  various 
inputs  of  the  data-processing  and  reduction 
equipment  onboard  the  spacecraft.  The  data 
are  collected  by  a central  data-coUection  sub- 
system and  are  telemetered  to  the  ground, 
where  two  uses  are  made  of  the  data.  The  first 
is  for  the  real-time  and  near  real-time  opera- 
tions in  the  control  center,  with  feedback  to 
initiate  changes  in  the  performance  of  tlie  ex- 
periments and  subsystems  onboard  the  space- 
craft. The  second  is  for  the  processing 
accomplished  for  the  ultimate  analyses  by  the 
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Figure  L Geneni  data  flow  for  a spoce  mission. 
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investi^ors.  This’  begins  a central 

data-pro<^ei^i^  (a^iUty  ^and<  con^des  with 
the  detailed  data-rOTbctioiv  aJldt^nalysis  by 
the  individual  experimenters. 

This  paper  assumes  that  the 
data-acquisition,  communication,  and 
data-relay  networks  will  exist  at  the  time  the 
telescopes  are  launched  so  that  the  data  trans- 
mitted from  them  can  be  assembled  at  a 
common  data-collection  point  within  the 
necessary  time  constraints.  Data  relay  in  this 
case  may  include  several  forms,  from  mag- 
netic tapes  forwarded  by  mail  (probably  only 
as  backup  to  faster  means)  to  direct  data 
relay,  either  from  the  spacecraft  to  ground 
stations  and  then  through  synchronous  relay 
satellites  to  a common  collection  point  or 
directly  to  the  common  point  through 
data-collection  satellites.  The  paper  deals  with 
two  primary  questions:  (l)what  is  the 
present  state-of-the-art  of  the  ground  pro- 
cessing technology;  and  (2)  what  new  tech- 
nology is  needed. 

Present  Technology 

To  illustrate  the  present  technology, 
three  representative  areas  are  described.  The 
first  is  the  processing  performed  within  the 
central  data-processing  facility  within  the 
NASA  Goddard  Space  Flight  Center  for  the 
majority  of  the  space-sciences  earth-satellite 
missions.  The  second  is  a brief  discussion  of  a 
portion  of  the  Nimbus  control  center  dealing 
with  image  data.  The  third  is  a short  dis- 
cussion of  some  of  the  processing  that  the 
experimenters  must  perform  before  they  can 
reach  their  conclusions. 

Data-processing  at  the  Goddard  Space 
Flight  Center  is,  for  most  projects,  divided 
into  two  types.  Idission  Control  Centers  for 
the  various  projects  are  responsible  for  the 
day-to-day  and  longer-term  operation  and 
evaluation  of  the  spacecraft  subsystems.  In 
addition,  they  optimize  the  experiment  opera- 
tions to  the  extent  possible  without  extensive 
experiment  data  reduction  and  analysis.  The 
Central  Data-Processing  Facility  is  'e  sponsible 
for  assembling  the  data  ba.se  for  the  in-depth 
reduction  and  analysis  by  the  experimenters. 


This  division  of  functions  will  continue  to  be 
valid  for  many  types  of  experiments  that 
require  limited  experimenter  interaction  on 
many  of  the  astrono.my  missions.  For  this 
reason,  it  is  likely  that  a new  facility,  an  Ex- 
periment Operations  Facility  containing  pro- 
visions for  in-depth,  near  real-time  data 
reduction  and  analysis,  will  be  needed  to  pro- 
vide the  information  necessary  for  the 
effective  conduct  of  the  observing  program. 

Since  the  operational  control  will  be  dis- 
cussed more  completely  in  other  papers,  most 
of  this  paper  will  deal  with  the 
data-processing  necessary  for  the  extensive 
in-depth  analysis  of  the  experiment  data. 

Figure  2 indicates  the  data  flow  within 
the  present  Central  Data-Processing  Facility. 
Data  are  received  at  the  central  facility  from 
the  various  data-acquisition  stations  by 
(1)  analog  tapes  and  (2)  real-time  data  lines  of 
various  types.  The  tapes  pass  initially  through 
an  evaluation  procedure  to  facilitate  control 
of  the  quality  of  the  processes  at  the  ground 
stations  and  to  provide  quality  information  to 
the  data  users.  Following  this  procedure,  ail 
data  undergo  analog-to-digital  conversion. 
This  refers  to  the  conversion  of  the  de- 
modulated receiver  output  signals  into 
computer-compatible  digital  signals  and  in- 
cludes the  removal  of  noise  introduced  in  the 
telemetry  process.  The  next  major  step  in- 
volves preliminary  processing,  referred  to  as 
“editing,”  within  a digital  computer.  This 
editing  includes  checking  the  internal  con- 
sistency of  the  data  and  measuring  the  data 
error  rate.  The  remaining  operations  are  pe^ 
formed  within  the  large  scale  computer, 
which  is  a Univac  1108  multiprocessor  with 
two  central  processing  units  and  196,000 
words  of  core  memory. 

One  of  these  operations  is  time  tagging. 
Each  data  point  received  from  space  must  be 
given  an  accurate  standard  or  Universal  Time 
reference  because  all  linkage  of  the  tele- 
metered data  with  other  correlative  data  is 
done  through  this  time  linkage.  A number  of 
the  spacecraft  sensors  are  directional.  This  re- 
quires that  the  spacecraft  attitude  be  com- 
puted at  every  moment  of  time.  In  addition, 
it  is  necessary  to  perform  some  sorting,  elimi- 
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Figure  2.  Present  central  data-processing  facility  at  the  Goddard  Space  Fligfit  Center,  functional  block  diagram. 


nating  useless  data,  merging  of  orbit  and  other 
correlative  data  with  the  experimental  data, 
and,  finally,  decommutation  (sorting)  to  form 
outputs  for  each  of  the  various  experimenters. 
In  addition,  a master  digital  data  tape  is  gener- 
ated that  is  retained  for  a period  of  time  for 
reprocessing  or  regeneration  of  the  experi- 
menter’s tapes  if  necessary. 

The  volume  of  data  being  handled  at  the 
present  time  in  this  central  facility  is  quite 
large.  Figure  3 illustrates  the  growth  in  analog 
tapes  arriving  at  the  facility  over  the  past  two 
years  and  projects  this  input  two  years  into 
the  future.  At  the  present  time,  about  2400 
tapes  per  week  are  arriving  for  21  active  satel- 
lites. This  represents  about  3.5  x 10* 


Figure  3.  Growth  of  data  volume  at  GSFC  data- 
processing  fiicittty. 


measurements  per  day,  or  about  3.5  x 10’ 
bits  per  day  of  PCM  data.  Another  way  of 
expressing  this  data  rate  is  to  compute  the 
long-term  average  bit  rate.  In  these  terms,  the 
central  facility  is  receiving  data  at  the  rate  of 
35,000  bits  per  second  for  every  second  of 
every  day.  The  impact  of  this  data  rate  on  the 
sizing  of  the  central  facility  is  quite  impres- 
sive. 

Figure  4 is  a view  of  one  row  of  pro- 
cessing lines  in  the  central  facility.  Three 
processing  lines  are  included  in  the  figure,  two 
PCM  lines  and  a special-purpose  line  for  digi- 
talizing the  signal  from  rubidium  vapor  mag- 
netometers in  several  of  the  Orbiting 


Figure  4.  Three  processing  lines  in  the  central 
facOity. 


jjv 


• 


'4 


&'■ 


If 


1 06  OFTICAL  TELESCOPE  TECHNOLOGY 


Geophysical  Observatory  (OGO)  spacecraft. 
The  most  distant  line  in  figure  4 is  shown  in 
figure  5.  The  various  racks  include  synchro- 
nizing and  bit-conditioning  circuits,  a time 
decoder,  and  a core  buffer  memory.  (The 
digital  tape  recorder  is  out  of  the  pictu/e  on 
the  right.)  This  line  is  representative  of  the 
class  of  lines  that  do  not  include  general 
purpose  computers.  The  central  facility 
contains  16  major  lines  of  this  form  and 
about  16  smaller  lines. 


Figure  5.  Racks  including  synchronizing  and  bit- 
conditioning circuits,  a time  decoder,  and  a core 
buffer  memory. 


Figures  6 and  7 indicate  the  size  of  the 
complete  facility.  The  row  of  processors  in 
figure  5 is  the  third  row  of  racks  from  the  left 
in  figure  6.  The  second-generation  processing 
systems  include  CDC  3200  computers  on-line 
with  the  front  end  processing  equipment  for 
two  purposes:  setting  up  the  operation  and 
measuring  the  data  quality.  Three  of  these 
larger  systems  are  shown  at  the  right  end  of 
the  central  equipment  bay  in  figure  6.  The 
Univac  1108  computer  is  ithown  in  the  center 
of  figure?  and  is  surrounded  by  various 
support  equipment.  The  central  facility 
shown  in  figures  6 and  7 represents  approxi- 
mately a $20-million  capital  investment  for 
handling  the  data  rate  presently  being 


received.  It  is  operated  and  maintained  by  a 
staff  of  aporoximately  300  government  and 
contract  personnel. 


Figure  6.  Goddard  centralized  data-processing  facili- 
ties, physical  plaru 


Figure  7.  Goddard  information-processing  computer 
facilities,  physical  platt 


The  second  area  of  activity  to  be  dis- 
cussed in  this  paper  involves  some  of  the 
image  data-processing  being  performed  in  the 
Nimbus  control  center  and  processing  facility. 
Figure  8 illustrates  the  handling  of  the 
Nimbus  Medium  Resolution  Infrared  (MRIR) 
data  obtained  from  one  of  the  four  major  ex- 
periments being  flown  on  Nimbus  II.  After 
analog-to-digital  conversion,  the  image  data 
and  orbit  are  merged  to  provide  gridding 
directly  on  the  images.  Tapes  containing  the 
digitalized  data  are  sent  to  the  experimenters 
for  more  detailed  analysis.  Strip  charts  are 
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Figure  8.  Medium  resolution  infrared  (MRIR)  data  flow  in  Nimbus  control  center. 


prepared  for  spacecraft  performance  evalua- 
tion, and  the  images  are  prepared  for 
immediate  viewing.  Figure  9 in^cates  one  of 
these  image  sets.  It  includes  one  complete 
orbit  with  the  two  poles  being  indicated  in 
the  gridding  on  the  left.  The  second  strip  is 
the  visual  presentation,  showing  that  the 
bottom  half  of  the  orbit  was  in  darkness  while 


Figure 9.  Nimbus II irndtiq^tnlimagfl^ 


the  top  half  was  in  light.  The  other  spectral 
regions  covered  by  the  instrument  are  indi- 
cdtcd* 

After  the  data  leaves  the  facilities  at 
Goddard,  the  experimenters  must  complete  a 
considerable  amount  of  processing  for  their 
final  analyses  after  they  receive  their  data. 
The  general  data  flow  is  indicated  in 
figure  10.  The  experimenter  passes  his  data 
through  quality  checks,  sensor  calibrations, 
and  data  reduction,  which  leads  to  outputs 
that  can  be  viewed.  Tabulations  and  data 
plots  are  the  most  common  output  forms; 


Figure  10.  Data  reduction  by  experimenter. 
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other  forms  such  as  motion  pictures  and  color 
presentations  are  coming  into  use.  Fig'ire  1 1 
is  a sample  presentation.  It  is  not  by  any 
means  one  of  the  most  complex.  It  represents 
a compilation,  by  Dr.  Norman  F.  Ness,  of  six 
months  accumulation  of  magnetometer  data 
from  the  IMP-1  spacecraft.  This  one  chart  in- 
cludes a condensation  of  about  1 00,000  indi- 
vidual measurements.  The  magnetic  Held  in 
the  magnetosphere  is  represented  by  the 
vectors;  the  length  of  each  vector  indicates 
the  magnetic  ileld  strength  at  that  point;  and 
its  direction  indicates  the  field  direction. 
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Figure  11.  Sample  of  data  plot,  a common  data- 
output  form. 


From  this  presentation,  one  can  identify  the 
major  features  of  tht  earth’s  magnetosphere. 
It  required  many  weeks  of  computer  process- 
ing, manual  manipulation,  and  study  in  its 
presentation,  and  it  is  only  one  of  many  pre- 
sentations required  before  the  findings  of  this 
experiment  could  be  published.  It  is  signifi- 
cant to  note  that  this  type  of  analysis  is  very 
unlikely  to  be  performed  in  any  spacecraft  by 
any  onboard  computer  in  the  foreseeable 
future.  Thus,  it  will  still  be  necessary  to 
retrieve  the  data  rapidly,  with  the  experi- 
menters in  the  operational  loop,  in  order  to 
permit  this  type  of  analysis. 

Emerging  Technology 

Before  moving  on  to  a discussion  of 
future  technology,  it  is  of  value  to  address 
briefly  the  question  of  emerging  technology. 
The  data  flow  shown  in  the  present  large-scale 
facility  in  figure  2 results  in  a very  large 
amount  of  materials  handling.  Two  thousand 
input  tapes  per  week  require  the  handling  of 
6,000  tapes  per  week  before  all  the  operations 
have  been  performed.  These  lead  eventually 
to  about  25,000  bookkeeping  transactions  per 
week.  Figure  12  indicates  a uatarprocessing 
flow  that  is  receiving  considerable  study  at 
the  present  time.  It  involves  the  collection  of 
as  much  of  the  data  as  possible  in  near 
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real-time  by  data  relay  and  on-line  data  valida- 
tion, analog-to-digital  conversion  (if  required), 
initial  processing  and  editing,  and  direct  entry 
into  a large  data  bank.  This  data  bank  is  en- 
visioned as  a hierarchy  of  different  types  of 
storage,  including  core  for  fast-access  speeds, 
drums  for  medium- access  speeds,  and  tapes 
for  slow-access  speeds. 

The  most  important  new  feature,  how- 
ever, will  probably  be  a high-density  storage 
system  involving  the  recording  of  digital  data 
in  optical  form  on  film  chips  to  provide  a 
total  on-line  data  volume  of  from  10'^  to 
10*^  bits.  With  such  a data  bank,  the  raw 
data  will  be  entered  into  active  storage  nearly 
as  soon  as  they  are  received.  More  complete 
processing  will  then  proceed  as  rapidly  as  cor- 
relative data  (such  as  orbit)  are  available.  The 
output  will  be  available  for  delivery  from  the 
data  bank,  immediately  in  raw  form  and  later 
in  a more  highly  processed  form.  This  output 
will  be  useful  both  for  local  display  for  opera- 
tional purposes  and  for  remote  display  to  the 
users  for  their  flnal  analysis.  Two  factors 
leading  to  this  data  organization  are  the  anti- 


cipated increased  efficiency  throu^  the 
elimination  of  much  of  the  manual  handling 
of  supplies  and  the  faster  data  delivery.  At  the 
present  time,  an  attempt  is  made  to  operate 
with  a six-week  backlog  or  less;  that  is,  con- 
siderable effort  is  expended  to  provide  the 
bulk  of  the  data  six  weeks  after  it  has  been 
collected  from  the  spacecraft.  The  future  goal 
should  be  to  make  data  available  from  the 
data  bank  within  several  hours  or  a day  from 
the  time  of  transmission.  This  will  be 
especially  important  for  an  operationally 
complex  orbiting  telescope. 

The  other  major  area  of  emerging  tech- 
nology is  that  which  will  be  required  for  the 
Earth  Resources  Technology  Satellites 
(ERTS).  Of  course,  ERTS  will  involve  pri- 
marily image  data,  which  requires  techniques 
that  are  considerably  different  than  those  for 
PCM  data.  The  anticipated  data  flow  is  indi- 
cated in  figure  13,  with  the  data  entering 
image  processors  and  with  the  images  be- 
coming available  for  viewing  within  a short 
period.  In  addition,  the  PCM  data  will  enter 
other  operations  to  facilitate  the  gtidding  and 
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Figure  13.  Anticipated  data  flow  In  data-procet^ng  lyitem  for  the  Earth  Reaources  Tedmoiogy  SateUttm 
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the  rectification  of  the  pictures.  It  is  presently 
expected  that  gridded  overlays  will  be  made 
available  along  with  the  images.  This  facUity  is 
expected  to  cost  from  three  to  four  million 
dollars  and  will  require  about  two  years  to 
build. 

Technological  Pioblem  Areas 

The  data  volume  and  rate  problems  have 
already  been  discussed;  they  are  expected  to 
continue  to  be  serious  problems.  Speed  of 
data  delivery  has  also  been  mentioned.  Now 
that  the  experiments  are  becoming  more  com- 
plex, the  experimenters  need  to  receive  the 
information  from  the  experiments  much  more 
quickly  so  that  they  may  be  sure  they  are 
operating  properly  and  so  that  they  may 
modify  their  operation  to  take  advantage  of 
the  variability  of  the  experiments  and  the 
spacecraft.  Therefore,  in  some  cases,  it  is 
necessary  for  the  experimenters  to  receive 
some  portion  of  their  data  immediately,  es- 
pecially during  critical  periods  of  operation. 

Next  on  the  list  of  major  problems  is  the 
control  of  data  integrity  and  quality.  The 
taking  of  a large  number  of  pictures  on  a 
spacecraft  without  noting  the  time  during 
which  all  of  the  pictures  were  taken  is  a threat 
to  the  integrity  cf  the  data.  It  may  result  in 
the  absence  of  correlative  information  needed 
to  determine  the  locations  and  conditions 
under  which  the  pictures  were  taken.  The 
question  of  data  quality  is  concerned  with  the 
problem  of  verifying  that  the  entire  system, 
including  all  the  processing  operations,  is 
operating  properly  to  ensure  that  high 
accuracy  and  resolution  are  maintained.  This 
must  be  done  continuously  and  thoroughly  at 
each  processing  step. 

Control  and  allocation  of  processing  re- 
sources is  another  rn^or  problem.  Foi  one 
reason,  this  becomes  difficult  because  of  the 
unpredictable  nature  of  the  load.  Almost  any 
change  from  expected  operation  of  a space- 
craft, other  than  the  complete  failure  of  the 
spacecraft,  results  in  an  increase  in  the  work- 
load in  the  ground-processing  and  experiment- 
er’s facilities.  This  increased  workload  occurs 
because  partial  failures  onboard  the  spacecraft 


require  more  processing  on  the  ground  either 
to  straighten  out  the  drta  or  to  evaluate  the 
spacecraft.  The  unpredictable  lifetimes  of 
scientific  missions  also  introduce  large  uncer- 
tainties in  the  processing  workload. 

Selective  data  acquisition  has  been  pro- 
posed as  a means  for  leveling  the  processing 
workload,  but  it  has  proved  to  be  very 
difficult.  If  a certain  spacecraft  capability 
exists,  in  terms  of  information  bandwidth  for 
example,  there  is  a strong  tendency  for  that 
capability  to  be  used.  The  reason  for  this  is 
that  many  of  the  experimenters  are  awaiting 
unpredictable  events  because  of  their  value  in 
interpreting  nature.  Thus,  they  cannot  predict 
when  their  experiment  must  be  operating; 
they  simply  must  operate  continuously  to 
ensure  readiness. 

This  rule  of  full  use  of  capability  tends 
to  be  slightly  less  true  as  the  technology 
evolves.  For  example,  the  Orbiting  Geophysi- 
cal Observatory  has  a telemetry  capability  of 
64,000  bits  per  second,  but  it  is  used  only  on 
an  average  of  7000  to  8000  bits  per  second  by 
using  a controlled  data-acquisition  sequence. 
This  is  achieved  by  the  use  of  two  modes  of 
operation:  a monitoring  mode  at  a low  data 
rate  that  will  always  intetcept  the  unexpected 
events  and  a hi^-data-rate  mode  to  provide 
periodic  high  resolution  measurements. 

With  a manned  space  station,  some 
additional  capability  will  exist  for  governing 
the  transmission  of  data  to  the  ground 
because  a man  can  monitor  the  events  occur- 
ring from  the  scientific  experiments  and  can 
eliminate  some  of  the  data  transmission  to  the 
ground.  This  will  be  especially  true  if  the 
space  station  contains  a data  buffer  to  store 
the  data  until  they  have  been  scanned  for  sig- 
nificance. 

Selective  processing  of  data  has  been 
found  to  be  a fairly  effective  way  of  con- 
trolling the  use  of  ground  resouices.  Once  the 
ground  processing  system  becomes  saturated, 
the  lowest  priority  data  are  placed  directly 
into  storage.  The  data  remain  available  for  the 
exploitation  of  interesting  periods.  Selective 
data-processing  implies,  however,  the  need  for 
a scanning  or  browse  file  so  that  the  experi- 
menters will  know  what  data  exist. 
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Still  another  major  problem  area  is  the 
control  of  the  processing  facility/experiment- 
er’s  interfaces.  !f  an  experimeter  changes  his 
format  requirements,  this  may  require  several 
calendar  months  and  quite  a few  man-months 
of  effort  to  change  the  programs  in  the  cen- 
tral processing  facility.  Therefore,  consider- 
able attention  must  be  paid  to  the  question  of 
specifying  and  understanding  the  experiment- 
er’s data  needs. 

Finally,  there  are  the  problems 
associated  with  the  data  analysis  by  the  vari- 
ous experimenters.  These  investigators  usually 
r have  very  limited  facilities  and  manpower,  es- 
pecially  at  universities.  Therefore,  a very  care- 
ful study  needs  to  be  performed  to  determine 
r<  the  tradeoffs  between  the  steps  performed  in 
a central  facility,  which  may  be  done  in 
common  for  many  experiments,  and  all  the 
^ other  steps  that  the  experimenter  must  per- 
form within  his  own  facilities. 

t 

<> 

Areas  Requiring  Additional  Technological 
Development 

i 

f . 

1 . New  work  is  necessary  to  develop  a 
' technological  basis  for  operating  onboard 

^ scientific-data-processing  computers.  We 

, know  how  to  buUd  these  computers.  Several 

are  being  built  now  for  a number  of  future 
I unmanned  scientific  missions.  It  is  not  clioi, 

t however,  that  we  know  how  to  control  the 

programming  of  those  computers  so  that  we 
'I  may  be  assured  of  full  after-th'*-fact  under- 

I standing  of  the  steps  performed  by  these  com- 

puters. 

j 2.  Faster  ground  piocessing  equip- 

i ment  is  needed.  The  present  state-of-the-art 
permits  about  one  megabit  processing  rate  in 
terms  of  special  processing  equipment,  such  as 
signal  conditioners,  end  in  terms  of  com- 
puters. If  PCM  systems  will  operate  at  several 
megabit  rates,  then  faster  processing  systems 
will  be  needed  on  the  ground. 

3.  The  third  area  involves  the  utiliza- 
i.  tion  of  large  volumes  of  image  data.  Several 
i authors  have  mentioned  image  rates  of  1000 
pictures  per  day  from  a future  space  station. 
I Others  have  predicted  that  these  will  be  pro- 

I cessed  by  the  use  of  advanced  digital  tech- 


niques. With  present  technology,  one  picture 
having  4000  by  4000  elements  of  spatial  reso- 
lution requires  three  computer  tapes  for  its 
storage  in  digital  form.  Thus,  the  1000  pic- 
tures per  day  will  occupy  approximately  3000 
computer  tapes.  If  these  3000  computer  tapes 
are  read  by  a computer  at  maximum  tape 
reading  speed  (5  minutes  per  tape),  ten  days 
will  be  required  simply  to  read  them.  There- 
fore, it  should  not  be  expected  that  that 
many  pictures  will  be  digitized,  retaining  all 
of  the  resolution,  by  present  techniques.  In 
determining  what  will  be  done  with  these  pic- 
tures. it  will  probably  develop  that  some  new 
technology  will  be  needed. 

4.  Needs  exist  now  for  on-line,  mass 
data  storage  in  ground  computers  for  systems 
providing  storage  of  10*  ® bits,  with  access 
times  of  seconds  or  less,  to  provide  several 
weeks  or  months  of  data  on-line. 

5.  On-line  programming  and  proces- 
sing systems  and  aids  are  needed.  There  have 
been  numerous  estimates  of  a programmer’s 
efficiencies  in  terms  of  dollars  per  instruction. 
These  estimates  range  from  $2  to  $10  per  in- 
struction, and  many  programs  contain  more 
than  100,000  instructions.  In  other  words, 
computer  programming  is  a very  slow  and  ex- 
pensive process.  There  is  a very  great  need  for 
improvement  in  the  technology  of  writing 
programs  and  getting  them  to  work  properly. 
In  addition,  present  programming  systems  are 
ill-suited  for  handling  telemetry  data, 
especially  when  it  entails  manipulating  indi- 
vidual bits. 

6.  Display  and  presentation  technol- 
ogy needs  stimulation.  This  involves  the 
problem  of  rapid  comprehension  of  very  large 
volumes  of  data  by  the  experimenters  and 
other  users.  A number  of  activities  are  cur- 
rently underway  in  the  investigation  of  color, 
motion  picture  displays,  three-dimensional 
displays,  etc.;  but  much  more  activity  is 
needed  in  this  area. 

Conclusion 

The  data  will  need  to  reach  the  experi- 
menten  from  orbiting  telescopes  accurately 
and  rapidly;  some  of  it  almost  immediately. 
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some  of  it  within  a day,  and  most  of  it  withir: 
a week.  It  must  be  in  easily  usable  form,  or 
there  will  be  a tendency  not  to  use  it  because 
of  its  large  volume. 

It  is  interesting  to  note  that  past  experi- 
ence with  unmanned  scientific  missions  has 
indicated  that  as  many  dollars  are  necessary 


for  the  data-processing  and  analysis  following 
a launch  as  are  necessary  for  building  the  ex- 
periments before  launch.  It  appears  reason- 
able to  expect  that  this  rule  of  thumb  may 
al  o apply  to  the  data-processing  for  future 
astronomy  missions. 


» 
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Introduction 

In  this  paper  an  attempt  will  be  made  to 
present  the  state-of-the-art  the  calibration, 
simulation,  and  testinp  ct  large  orbiting 
observatories  designed  to  add  to  out  knowl- 
edge in  the  field  of  stellar  as-  v-r.omy.  “Large” 
in  this  instance  means  observatories  of  the 
Orbiting  Astronomical  Observatory  (OAO) 
class,  namely,  7U  feet  in  diameter  by  10  feet 
high  and  v/eigliing  from  4000  to  4600  pounds 
in  the  orbital  configuration.  The  largest 
aperture  telescope  in  the  current  OAO  series 
h:  38  inches  in  diameter. 

In  dealing  with  the  environmental  sim- 
ulation and  the  electrical  and  mechanical 
functional  testing  aspects,  it  would  be  rather 
pointless  to  enumerate  and  to  describe  the 
various  thermal-vacuum  chambers  throughout 
the  country  that  are  large  enough  to  handle 
an  OAO  for  this  type  of  work.  There  are  a 
miniiiium  of  25  such  chambers  and  at  least 
four  of  these  are  :%quipped  with  solar  simu- 
iaton  of  vaaous  types.  It  would  be  mere 
useful  for  (he  purposes  of  this  workshop  to 
discuss  the  techniques,  equipment,  and 
facilities  for  simulation  and  testing  that  have 
acti^ally  been  used  on  the  OAO’s.  In  such  a 
discussion,  it  should  become  clear  how  wide  a 
variety  of  talents  and  facilities  is  required  to 
support  an  observatory  of  this  type. 

In  the  area  of  calibration,  all  of  1ie 
optical  test  facilities  used  for  OAO  will  be 
treated  in  substantial  detail.  In  addition,  scune 
concepts  lor  facilities  that  will  be  needed  for 
the  calibration  and  evaluation  of  future  space 
stellar  observatories  will  be  presented  along 
wi,h  recommendations  for  developn>en»al 
projects  tiiat  will  be  necessary  to  suppoti  su*.h 
fsc^tics. 


This  paper  is  premised  upon  a proven, 
well-established  need  for  full-systems  testing. 
If  there  is  anyone  who  has  any  reservations 
about  the  validity  of  this  premise,  reference  I 
should  provide  sufficient  proof  of  the  sound- 
ness of  applying  this  test  philosophy  to  any 
saentific  satellite  test  program.  There  i;  also  a 
requirement  for  components  and  subsystems 
tests;  however,  this  paper  deals  only  with  full 
systems  or  very  large  subsystems,  such  as  the 
entire  spacecraft  or  the  complete  experiment 
package  consisting  of  a telescope,  a spectrom- 
eter, and  detection  devices.  After  the  experi- 
ment package  is  inst^Jled  into  the  spacecraft, 
that  configuration  will  be  referred  '.c  as  an 
observatory. 

Calibration,  simulation,  and  testing  arc 
the  final  activities  performed  just  nrior  to 
preparations  for  launch;  however,  if  a mean- 
ingful and  efficient  acceptance  test  program  is 
to  be  conducted,  calibiation,  simulation,  and 
test  personnel  must  provide  inputs  to  this 
program  from  the  concept  stage.  The  obser- 
vatory must  be  designed  to  be  tested. 

Simulation 

The  types  of  environmental  simulati'-m 
required  for  a pauicular  observatory  depend 
in  large  part  upon  the  nature  of  the  experi- 
ments to  be  performed  in  orbit,  the  launch 
vehicle,  and  the  particular  orbit  < iected. 
Variations  in  tliese  parameters,  (tv  v/ell  as  in 
the  configuration  and  other  design  aspects  of 
the  observatory,  can  drastically  change  the 
relative  significance  of  tlie  various  environ- 
ments and  the  importance  attached  to  simu- 
lating these  environments  on  the  ground. 
Nevertheless,  any  observatory  must  withstand 
the  oitects  of  transportation,  ground- 
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handling,  launch  phase,  and  orbital  vacuum 
and  thermal  conditions  as  well  as  certain 
types  of  hard  radiation  and  magnetic 
influencer. 

In  general,  the  determination  of  the  need 
to  simulate  a particular  environment  is  made 
by  performing  certain  analytical  studirs  of  the 
observatory  in  the  light  of  the  anticipated 
natural  and  self-generated  e^virdniie^i  to  •* 
which  the  observatory  will  be'‘sub3ected'frbm 
the  time  of  manufacture  until  the  end  of  its 
expected  useful  life  in  orbit.  The  validity  of 
such  an  analysis  is  dependent  upon  the  exact- 
ness of  OUT  knowledge  of  environmental  levels 
and  the  spacecraft  interactions  that  will  be 
encountered  and  upon  the  degree  of  refine- 
ment of  the  analysis  method  used.  At  the 
present  time,  the  degree  of  uncertainty  in  the 
results  of  these  analyses  requires  proof  of  the 
major  assumptions;  hence,  additional  steps  are 
taken  to  improve  our  confidence  level.  These 
steps  become  a major  consideration  in  estab- 
lishing a meaningful  test  program.  For 
example,  in  the  structural  area,  a mathe- 
matical model  is  constructed,  and  response 
predictions  are  made  for  the  launch  environ- 
ment. A hardware  structural  model  is  built 
and  tested,  and  the  predicted  values  are 
verified  or  refined  by  measurements.  At  the 
same  time,  actual  ^ght  measurements  are 
made  on  the  launch  vehicle  and  are  used  to 
refine  the  driving  forces  used  in  the  analysis. 
Later,  tests  are  made  on  the  flight  obse^ 
vatory,  and  a further  refinement  takes  place. 
Finally,  data  are  collected  during  the  actual 
launch  phase,  and  the  loop  is  closed.  The 
mathematical  modeling  and  analysis  method 
are  “massaged”  once  more;  during  this  second 
manipulation,  the  predictions  and  the  struc- 
tural test  program  are  easier  to  handle  and  are 
improved. 

The  same  basic  analytical  approach 
toward  determining  simulation  and  test  needs 
is  applied  in  the  thermal  area.  Experience  in 
working  with  these  analytical  tools,  refined 
by  test  and  flight  data,  has  led  the  “unive^ 
salists”  to  the  conclusion  that  nea^ 
duplication  of  the  natural  solar  and  planetary 
thermal  radiation  environment  is  the  way  to 
solve  the  thermal  test  problem.  On  the  other 


hand,  the  “specifists”  working  with  a given 
design  or  family  of  designs  can  often  accept 
simulation  ui  the  effects  of  the  natural 
environment.  The  gap  between  these  extremes 
provides  the  technical  and  economic  arena  in 
w'hich  simulation  and  analysis  are  debated.  In 
this  area  of  debate,  tradeoff  decisions  are 
made,  ^d  a complimentary  system  is  evolved 
iQaC  Wl  !^eld  proof  of  the  major  design 
mump^ons  within  definable  boundaries  of 
risk  and  dollar  expenditure.  Such  questions 
as:  “Are  solar,  albedo,  and  infrared  simulators 
really  necessary?”  are  valid  and  need  to  be 
answered  in  the  light  of  risk. 

Testing 

The  GAO  differs  markedly  from  most 
other  scientific  satellites;  in  orbit,  it  depends 
on  a closed  loop  relationship  with  its  ground 
support  system  for  operation  and  survival. 
There  is  a constant  requirement  to  collect, 
process,  and  display  data  in  real-time  to 
enable  operations  personnel  to  evaluate 
performance  and  to  exercise  command 
functions  at  specified  intervals.  This  high 
degree  of  human  involvement  requires  exten- 
sive training  and  intricate  knowledge  of  the 
abilities  of  the  OAO  systems.  To  ensure  the 
acquiring  of  this  knowledge,  the  OAO  Project 
personnel  have  attempted  to  keep  all  ground 
support  equipment  used  throughout  the 
program  identical  with  that  used  for  flight 
operations.  This  assimilation  of  flight-type 
operational  techniques  and  restraints  during 
systems  environmental  testing  presents  a 
unique  set  of  problems. 

The  OAO  Ground  Support  System  is 
made  up  of  elements  of  the  NASA  Communi- 
cations (NASCOM)  Network,  Space  Tracking 
and  Data  Acquisition  Network  (STADAN), 
and  the  OAO  Operation  Control  Center 
(OCC).  The  system  provides  facilities  for 
transmitting,  receiving,  and  processing  the 
data  necessary  for  operation  of  the  obser- 
vatory by  ground  personnel.  The  commands 
to  control  the  observatory  are  provided  by 
the  Support  Computer  Program  System 
(SCPS),  figure  1,  on  an  ABM  360/65  com- 
puter through  the  SDS  930  computer  central 
processor. 
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Figure  1.  Support  computer  program  system. 


The  SCPS  provides  the  Orbiting  Astro- 
nomical Observatory  (OAO)  with  the  neces- 
sary man-computer  linkage  between  the 
experimenters  and  the  mission  operations 
staff  on  the  one  hand  and  the  orbiting  obser- 
vatory on  the  other.  In  the  day-to-day  opera- 
tion of  the  OAO,  the  SOPS  also  furnishes 
command  sequences  to  be  sent  to  the  space- 
craft to  enable  it  to  execute  its  intended 
scientific  mission  while  maintaining  observa- 
tory integrity. 

In  order  to  prepare  for  this  type  of 
orbital  operation,  special  data-handling  or 
ground  support  equipment  is  used  to  simulate 
the  electrical  and  communication  interfaces 
of  the  spacecraft  during  the  experiment  test 
and  calibration  progiam.  The  same  pltilos- 
ophy  is  applied  to  the  spacecraft  and  ^en  to 
the  observatory.  The  tests  are  conducted 
under  computer  program  control,  and  a 
notably  high  degree  of  flexibility  and  safety  is 
achieved.  Safety  is  stressed  because  of  tiie 
often  delicate  nature  of  the  optical  detectors 
and  their  corresponding  sensitivity  to  conv 
mand  sequences.  Procedural  techniques. 


which  are  developed  dui.ng  major  subsystem 
testing  and  integration  buildup,  are  pro- 
grammed into  the  overall  test  procedure  and 
are  used  throughout  the  observatory  accep- 
tance and  prelaunch  test  phases. 

The  Environmental  Test  Cycle 

In  the  following  discussion  of  the  test 
cycle,  no  attempt  will  be  made  to  retain  a 
chronological  sequence;  instead,  the  tests  will 
be  treated  by  category.  One  characteristic  of 
stellar  observatories,  namely,  susceptibility  to 
contamination,  has  to  be  mentioned  at  the 
outset  because  it  has  a major  bearing  on  the 
adequacy  of  any  test  facility  and  even  on  the 
sequence  of  tests.  Contaminants  exist  in  so 
many  forms  and  can  cause  such  a serious 
degradation  in  performance  of  an  optical 
observatory  that  this  topic  will  be  treated  in 
more  detail  in  other  papers.  It  is  mentioned 
only  to  provide  a basis  for  understanding 
some  of  the  comments  made  in  connection 
with  many  of  the  facility  descriptions. 
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Cleanliness 

The  concern  about  contamination 
provider,  the  impetus  for  performing  periodic 
cleanliness  inspections.  For  this  purpose  and 
for  numerous  electrical  and  mechanical 
functional  tests  in  air  throughout  the  test 
cycle,  large  clean  rooms  are  needed.  Figure  2 
shows  the  OAO  A-2  observatory  in  such  a 
clean  room  at  Cape  Kennedy.  Details  of  the 
methods  and  equipment  used  for  cleanliness 
inspections  at  the  Goddard  Space  Flight 
Center  (GSFC)  are  given  in  reference  2.  In 
general,  these  inspections  involve  the  use  of 
ultraviolet  lamps,  sun  guns,  fiberscopes,  and 
examination  of  samples  taken  with  tapes, 
wipes,  and  by  vacuuming. 


Figure  2.  OAOA2  Observatory  in  clean  room. 

We  do  not  have  to  look  very  deeply  into 
the  matter  of  clean  rooms  to  find  that 
adequate  facilities  can  be,  and  have  been, 
designed  and  built;  however,  specifications  for 
clean  rooms  to  serve  the  special  needs  of 
stellar  observatories  are  woefully  inadequate. 
This  situation  stems  from  a lack  of  quanti- 
tative knowledge  of  such  things  as;  what 
concentrations  of  what  size  dust  particles  wiU 
confuse  a star  tracker  or  cause  too  much 


* The  class  nundier  of  a clean  room  refers  to  the 
number  of  particles  per  cub<o  foot  that  are  0.3 
micron  and  larger. 


scattering  in  a spectrometer.  Similar  knowl- 
edge regarding  corrosive  gases  and  water  vapor 
is  equally  sparse. 

People  are  the  major  source  of  contami- 
nants in  a clean  room.  A good  set  of  guide- 
lines for  people  to  follow  are  contained  in 
reference  3;  however,  getting  people  to  think 
and  act  in  accordance  with  these  procedures  is 
quite  another  problem. 


The  integration  of  components  a.  o sub- 
systems into  a spacecraft  requires  a large  clean 
room  area,  similar  that  shown  in  figure  3. 
This  is  a horizontal  la,  inar,  flow  room  using 
prefilters  and  HEPA  filters.  It  is  class  10,000 
or  better;  without  people,  class  100  is 
achieved.*  The  temperature  is  controlled 
between  70®  and  74°F  with  only  ±54  ® F 
variation  about  the  selected  control  tempera- 
tijre.  The  humidity  control  system  is  cu^ 
rently  being  upgraded  to  provide  control 
between  40  and  45  percent  relative  humidity 
during  any  season  of  the  year,  instead  of  the 
present  condition  of  45  percent  maximum.  A 
positive  pressure  of  0.2  to  0.4  inch  water  gage 
is  maintained,  and  the  airflow  velocity  is 
100  feet  per  minute  ± 20  feet  per  minute. 

Figure  4 shows  how  the  room  looks 
during  an  actual  integration  process.  Func- 
tional testing  in  this  facility  is  performed 


Figures.  Spacecraft chedumt area,  empty. 
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f Once  a meaningful  vibration  spectrum 

has  been  established  for  an  observatory,  a 
V facility  similar  to  the  one  shown  in  figure  5 is 

. required.  This  facility  consists  of  a 

'i  30,000-pour  ' .hrust  shaker  that  can  be  used 

E vertically  or  laterally.  In  figure  5,  the  OAO  is 

% mounted  on  a slippery  table  that  enables  the 

shaker  (on  the  left)  to  produce  the  lateral 
c thrust  needed.  At  the  same  time,  torsion  is 

/ being  introduced  by  the  smaller  shaker  seen  in 

''  the  background,  lower  right-hand  comer.  The 
shakers  and  test  item  are  mounted  on  a 
spring-isolated,  300,000-pound,  reinforced 
^ concrete  block.  The  entire  room  is  a laminar 
i.  downflow,  class -10,000  clean  room. 

%■  Acoustics 

f During  powered  flight,  particularly  at 

I launch  and  during  transonic  repme,  acoustic 
energy  excites  the  observatory  both  through 
the  stmctural  path  and  by  direct  acoustic 
i impingement  through  the  shroud.  Previous 

^ test  philosophy  has  consisted  primarily  of 
» using  random  vibration  to  simulate  this  flight 


s 


Figure  5.  OAO  in  30K  vibration  cell, 

environment.  Recent  studies  (ref.  4),  how- 
ever, have  indicated  that  the  direct  acoustic 
path  may  be  more  severe  than  previously 
realized. 

As  a result,  an  evolution  in  test  philos- 
ophy is  occurring;  acoustic  tests  are  becoming 
an  increasingly  important  and  necessary 
segment  of  the  test  program  of  large  space- 
craft. This  is  partly  due  to  the  practical 
limitation  that  random  energy  induced  at  the 
spacecraft  interface  by  a vibration  exciter 
does  not  distribute  itself  realistically 
throughout  large  structures.  In  addition,  the 
thermal  control  systems  for  large  pointed 
spacecraft  employ  components  such  as  thin 
foil  skins,  thermal  louvers,  and  sun  baffles,  all 
of  which  are  particularly  sensitive  to  acoustic 
excitation  because  of  their  panel-like  con- 
struction. Because  of  the  greater  power 
consumption  needs  of  observatory  class  space- 
craft, the  solar  paddle  surface  area  is  much 
greater.  Also,  at  least  in  the  case  of  OAO,  an 
unusually  large  number  of  subsystems  are 
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mounted  on  vibration  isolators.  These  last 
two  considerations  necessitate  the  inclusion 
of  acoustic  testing  in  the  environmental  test 
program  because  the  structural  and  functional 
integrity  of  the  equipment  cannot  be  demon- 
strated by  vibration  exposure. 

Launch  Phase 

In  addition  to  mechanical  and  acoustical 
vibrations,  the  need  for  real-time  pressure 
profile  testing  has  also  shown  itself  many 
times  in  the  recent  past.  Its  primary  objective 
is  to  demonstrate  adequate  pressure  venting 
of  the  multilayered,  aluminized,  mylar  insu- 
lation used  for  passive  thermal  control  of 
large  spacecraft.  Rupture  or  “ballooning”  of 
this  insulation  could  easily  cause  either 
improper  thermal  control  of  the  spacecraft  or 
obscuration  of  the  optical  elements  in  the 
observatory. 

To  meet  the  requirements  of  this  com- 
bination of  launch  environments,  a Launch 
Phase  Simulator  (LPS)  has  been  built  at 
GSFC.  Figure  6 is  a photograph  of  this 
facility;  figure  7 is  a drawing  of  its  general 
arrangement.  The  LPS  is  described  in  detail  in 
reference  5.  The  salient  features  of  this 
facility  are: 

1 . Steady  acceleration:  30  g maximum 
with  capability  of  simulating  acceleration 
rates  of  the  Delta,  Agena,  and  larger  classes  of 
liquid-fuel  engine  boosters. 

2.  Acoustic  noise:  150  db  rms  overall 
sound  pressure  level  (SPL)  exterior  to  the 
shroud-enclosed  spacecraft.  This  spectrum  is 
flat  from  100  to  700  Hz,  with  6 db/octave 
roll-off  from  700  to  1 2,000  Hz. 

3.  Pressure:  programmed  to  follow  the 
launch  pressure  profile  from  760  torr  to 
3x10“*  torr;  i.e.,  up  to  an  altitude  of 
approximately  1 90,000  feet. 

4.  Mechanical  vibration:  three  degrees 
of  freedom  (longitudinal,  lateral,  and  pitch) 
from  O.S  to  200  Hz  with  both  sinusoidal  and 
random  capabUity.  Multiaxis  motion  with  this 
system  may  be  either  independent  or  simul- 
taneous. (This  system  is  capable  of  operation 
on  the  centrifuge  arm  or  in  an  offboard  con- 
dition mounted  on  a seismic  reaction  mass. 


Figure  6.  Launch-phase  simulawr. 


To  date,  multiaxis  motion  has  been  achieved 
only  in  the  offboard  configuration.) 

5.  Time  and  mode:  Each  of  these 
systems  can  simulate  the  actual  environmental 
conditions  in  real-time  and  can  be  operated  in 
either  the  automatic  or  manual  mode. 

6.  Description:  Physically,  the  facility 
is  a large  centrifuge  (60-foot  radius  to  payload 
center  of  gravity)  weighing  approximately 
500,000  pounds  and  having  a cylindrical  test 
chamber  (12  feet  in  diameter  by  22  feet  long) 
mounted  on  the  end  of  the  centrifuge  arm. 
The  chamber  houses  the  acoustic,  vacuum, 
and  vibration  systems;  it  can  accommodate  a 
payload  or  spacecraft  configuration  that 
weighs  up  to  5000  pounds  and  can  be  con- 
tained in  an  envelope  10  feet  in  diameter  by 
1 5 feet  long.  The  centrifuge  is  located  in  an 
enclosure,  or  rotunda,  1 57  feet  in  diameter  by 
27  feel  high. 

This  facility  h,as  been  used  for  several 
specific  tests  on  OAO.  Perhaps  one  of  the 
most  significant  results  observed  during  these 
tests  is  shown  in  figure  8.  The  rupture  of 
insulation  during  a real-time  pressure  pull- 
down can  be  seen  as  it  occurred  on  the  proto- 
type Goddard  Experiment  Package  (GEP)  for 
the  OAO. 

Thermal  Vacuum 

Once  the  need  for  thermal  simulation  to 
improve  the  confidence  level  of  thermal  pre- 
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Figure  7.  General  arrangement  oflauncn-phase  simulator. 


dictions  is  established,  an  observatory  of  the 
OAO  size  requires  a test  chamber  similar  to 
the  one  shown  in  the  foreground  in  figure  9, 
This  chamber  at  GSFC  is  called  the  Space 
Environment  Simulator  (SES).  The  chamber 
in  the  background  in  figure  9 is  a Dynamic 
Test  Chamber  (DTC),  in  which  deployment, 
separation,  and  spin  tests  are  performed  in 
vacuum  at  room  temperature.  Although  the 
DTC  was  not  used  for  OAO,  a similar 


chamber  might  well  be  required  for  future 
observatories. 

The  SES  chamber  has  been  used  exten- 
sively for  OAO  tests.  It  is  described  in  detail 
in  reference  6.  A very  detailed  description  of 
the  test  procedure  for  the  OAO  A-2  thermal 
model  test  is  given  in  reference  7.  Some  of  the 
salient  features  of  the  SES  are: 

1.  Chamber;  33-foot  interior  diameter 
by  58  feet  high  (28  feet  by  40  feet,  working 
volume). 


Figure  8.  GEP  prototype  insulation  rupture. 


Figure  9.  Space  environmeru  Emulator  and  dynamic 
test  chamber. 
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2.  Shroud:  liquid  nitrogen  (LN2)  at 
100“K. 

3.  Pumps:  eight  mechanical  pumps, 
eight  blowers,  17  oil-diffusion  pumps,  each 
having  a capacity  of  50,000  liters  per  second 
and  a 32-inch  diameter,  and  a cryopump 
consisting  of  IS'^K  helium-cooled  panels 
covering  one-half  the  height  of  the  chamber. 

4.  Pump-down  time:  13  hours  to 
1 X lOr’  torr,  clean,  dry,  and  empty;  24  hours 
to  1 X 1 O'*  torr  with  full  solar  simulation. 

5.  Solar  simulator: 

a.  WMooX  diameter  at  chamber 
floor  uniform  to  ± 10%/ft* 

b.  Intensity:  variable  75  to  150 
watts/ft* 

c.  Collimation:  2 degrees  (half- 
angle) 

d.  127  modules  using  3.5-kilo- 
watt, HgXe,  short-arc  lamp, 
aluminized  ellipsoidal  retlec- 
tor,  four  quartz  lenses,  and  a 
Cassegrainian  collimating 
system. 

In  addition  to  the  above  features,  the 
SE3  is  also  equipped  with  a large  two-axis 
positioner  so  that  the  aspect  angle  and  spin  of 
a spacecraft  can  be  changed  during  test. 

Figure  10  shows  a cross-sectional  view  of 
the  chamber  and  depicts  the  manner  in  which 
it  was  converted  to  a class -10,000  conven- 
tional type  of  clean  room  to  meet  the  needs 
of  stellar  observatories.  It  is  believed  that  this 
is  the  only  thermal-vacuum  chamber  of  its 
size  that  has  been  so  modified.  This  was 
necessary  for  OAO  to  retain  its  cleanliness 
status  during  the  test  setup  phase.  Con- 
tamination problems  associated  with  opera- 
tions under  thermal-vacuum  conditions  have 
received  a great  deal  of  attention  as  have  all 
vacuum  chambers  utilized  for  OAO  at  any 
configuration  level;  i.e.,  component,  sub- 
system, and  the  like.  More  definitive  work 
nerds  to  be  done  in  this  area. 

Magnetics 

Depending  upon  the  particular  design 
chosen  for  an  observatory,  magnetic  testing 
may  be  required.  For  example,  on  OAO  A-1, 


Figure  JO.  General  arrangement  of  space  environ- 
ment simulator. 


the  magnetic  moment  of  the  flight  obser- 
vatory was  measured  in  an  earth-ambient-field 
facility  at  Grumman  Aircraft  Engineering 
Corporation,  and  compensating  magnets  were 
installed.  A zero-field  facility  suitable  for  the 
OAO  size  of  observatory  is  in  operation  at  the 
GSFC  test  complex  and  is  shown  in  figure  1 1. 


Figure  11.  Attitude  control  test  facility. 
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This  photo  shows  an  OAO  structural  model  in 
the  40*foot  coil  facility. 

A stated  restriction  on  this  paper  is  that 
it  deal  only  with  facilities  “large”  enough  to 
test  major  subsystems  of  the  OAO  class; 
however,  one  of  the  purposes  of  this  work- 
shop is  to  exchange  information,  particularly 
that  which  may  not  be  generally  known. 
Therefore,  a unique  magnetic  test  facility  that 
could  be  used  for  component  and  small  sub- 
system testing  is  shown  in  figure  1 2.  This  is  a 
5 -foot  cylindrical,  nonmagnetic,  thermal- 
vacuum  chamber,  described  in  detail  in 
reference  8. 


Figure  JZ  Notamgnetk  thermahvaeuum  chamber. 


Other  Test-Cycle  Supporting  Facilities 

Generally,  near  the  start  of  the  test 
cycle,  mass  properties  of  major  subsystems  of 
an  observatory  must  be  measured.  The  pre- 
cision of  measurement  needed  determines  the 
complexity  of  weighing,  balancing,  and 
moment-of-incrt'a  test  facilities.  Also,  de- 
pending on  their  mode  of  operation  and 
precision,  it  may  be  necessary  to  house  such 


facilities  in  clean  rooms;  or  it  may  be  possible 
to  protect  the  observatory  while  it  is  in  a 
facility. 


Throughout  the  test  cycle,  substantial 
data  collection,  processing,  and  display  capa- 
bility is  needed  to  handle  facility  and  test 
data  as  distinguished  from  observatory  telem- 
etry data.  In  the  GSFC  test  complex,  a 
centralized  data-handling  facility  is  used.  It  is 
partially  shown  in  figure  13;  a brief  descrip- 
tion of  its  capabilities  is  given  in  Appendix  A. 


' y. 


Figure  13.  Centrdtxeddatahandling  facility. 


Optical  Calibration  and  Test  Facilities 

There  are  five  optical  calibration  and  test 
facilities  used  for  the  OAO  program;  the 
vacuum  optical  bench,  the  low-temperature 
optical  facility,  the  Princeton  optical  bench, 
the  opticai  alignment  facility,  and  the  optical 
engineering  laboratory. 

Vacuum  Optical  Bench 

The  Vacuum  Optical  Bench  (VOB)  was 
designed  and  built  primarily  for  performing 
the  radiometric  calibration  of  the  stellar 
experiment  packages  for  the  OAO  program.  A 
cutaway  drawing  of  the  VOB  is  shown  in 
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figure  14.  The  facility  is  located  in  a three- 
story,  class-10,000  clean  room  in  the  test 
complex  of  the  Test  and  Evaluation  Division 
at  GSFC  and  h;:s  been  iii  use  for  experiment 
calibration  since  late  1 964. 


Figure  14,  Vacuum  optical  bench  ( VOB). 


The  principal  elements  of  the  VOB  are  a 
vacuum  chamber,  7 feet  in  diameter  by  25 
feet  high,  and  a removable  vertical  optical 
bench.  The  bench  has  its  own  integral  star- 
simulator  system,  which  includes  light 
sources,  a vacuum  ultraviolet  mono- 
chromator, a 38-inch  aperture  Cassegrainian 
collimator,  and  a movable  beam  probe. 

The  bench  is  adequately  isolated  from 
building  vibrations;  it  stands  on  a set  of 
kinematic  piers  mounted  on  a 9-foot  deep 
concrete  block:  the  chamber  rests  on  the 
building  floor.  With  the  use  of  an  overhead- 
traveling  bridge  crane  and  a special  bench 
up-ender,  the  entire  bench,  with  an  experi- 
ment installed,  can  be  positioned  vertically 


with  either  end  up  (for  ± 1 g testing)  and  in  or 
out  of  the  chamber  as  desired. 

The  optical  experiment  to  be  calibrated 
is  mounted  within  the  optical  bench  structure 
and  is  rigidly  held  in  place  on  mounting  lugs 
that  are  geometrically  identical  to  those  on 
the  spacecraft.  Thi  bench  is  capable  of 
accepting  experime  d packages  up  to  40 
inches  in  diameter  t;y  120  inches  long  and 
weighing  up  to  1 000  pounds. 

The  Star-Simuiator  System  (SSS)  i:;  the 
key  system  of  the  VOB  with  regard  to  the 
confidence  level  that  can  be  established  in 
calibrating  a stellar  experiment.  The  SSS  can 
be  described  by  using  the  optical  schematic 
shown  in  figure  1 S.  Radiation  from  a light 
source,  S,  is  focused  by  a toroidal  mirror,  M> , 
onto  the  entrance  slit,  Aj,  of  the  mono- 
chromator. Passing  through  the  mono- 
chromator, the  light  is  diffracted  and  focused 
on  a circular  exit  aperture,  A2.  The  exit 
aperiure  serves  also  as  the  entrance  aperture 
of  the  main  collimator.  The  collimator  optics 
arc  an  f/10  Cassegrainian  system  with  a 
convex  hyperboloid,  M4,  and  an  f/2.03 
concave  parboloid,  Ms.  The  38-inch  diameter 
output  beam  of  the  Cassegrainian  collimator 
is  used  to  irradiate  Ihe  experiment  being  cali- 
brated. 

The  performance  requirements  of  the 
SSS  are  unusual.  Not  only  are  narrow  band- 
pass, small  beam  divergence,  and  both  high 
and  tow  dux  levels  desired,  but  also  a high 
degree  of  uniformity  across  the  collimated 
beam  is  necessary.  In  addition,  a high  degree 
of  stability  with  time  is  needed  with  regard  to 
the  flux  level  and  pointing  direction. 

in  general,  the  VOB  operates  over  the 
wavelength  range  from  1100  to  5000 
angstroms.  The  bandpass  can  be  varied  from  2 
to  4 angstroms  while  under  vacuum.  The  total 
decoUimation  of  the  beam  at  a 2-angstrom 
bandpass  may  be  as  small  as  2 arc  seconds.  A 
dynamic  range  of  flux  of  lO’  can  be  achieved 
and  reliably  measured  vrithout  resorting  to 
the  use  of  pulse-;;ounting  techniques. 

Although  enclosed  light  sources  are  used 
for  some  specific  purposes,  a free-flowing  gas 
discharge  source  is  used  for  most  calibrations. 
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Figure  15.  Optkei  rchemtk  of  FOB  star  sbnulator 
^sten 


A difTerential  pumping  system  minimizes  the 
pressure  rise  in  the  main  vacuum  chamber. 
The  type  of  gas,  its  flow  rate,  and  the  light 
source  current  can  be  varied  while  under 
vacuum.  In  addition,  a filter  changer  allows 
the  placement  of  color  and  neutral  density 
filters  in  front  of  the  monochromator 
entrance  slit.  Optimization  of  the  source 
materials  and  the  range  of  currents  has  re* 
suited  in  stable  operation  for  periods  in  excess 
of  100  hours. 

Spedflc  details  of  the  present  mono* 
chromator  design  are  given  in  reference  9.  A 
discussion  of  the  results  achieved  with  this 
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design  and  additional  details  on  the  VOB  are 
given  in  reference  10.  The  original  mono- 
chromator design  consisted  of  a plane  mirror, 
which  rotated  about  the  center  of  the 
Rowland  circle,  and  a concave  tripartite 
grating.  In  1962,  when  that  flist  design  was 
selected,  no  one  had  ever  coated  a 38-incn- 
diameter  minor  with  aluminum  plus  a 
magnesium  fluoride  overcoating;  hence,  the 
reflectance  that  would  be  achieved  at  wave- 
lengths near  1216  angstroms  was  unknown 
but  was  expected  to  be  low.  Consequently, 
the  minimum  possible  number  of  reflecting 
surfaces  was  used  throughout  the  VOB.  This 
was  the  reason  for  selecting  that  particular 
monochromator  design.  Due  principally  to 
the  tripartite  grating,  large  intensity  variations 
existed  across  the  output  cone  from  the 
monochromator.  After  the  facility  was  built, 
it  was  found  that  sufficient  reflectance  was 
achieved  to  permit  the  use  of  additional 
reflections.  At  that  point,  the  mono- 
chromator was  redesigned.  A plane  grating 
was  used,  and  more  efficient  use  of  the  light 
source  was  made  by  incorporating  the 
toroidal  minor.  A dramatic  improvement  in 
uniformity  in  the  38-inch  beam  occurred,  and 
the  flux  levels  actually  increased  even  though 
two  additional  reflecting  surfaces  were 
involved. 

'fhe  Cassegrainian  collimator  has  the 
focal  point  located  inside  the  hole  in  the 
primary  mirror.  This  is  a most  restricting 
choice,  one  to  be  avoided  in  any  future 
facility  if  at  all  possible.  The  aluminium-plus- 
magnesium-fluoride  coating  techniques  have 
been  so  reflned  during  the  past  few  years  that 
in  December  1968,  when  the  38-inch 
diameter  primary  mirror  was  lastA:oated,  the 
reflectance  obtained  at  1216  angstroms  was 
82.S  percent  with  only  a ±2  percent  variation 
over  the  entire  surface.  Nearly  the  same 
degree  of  uniformity  has  been  achieved  using 
lithium  fluoride  overcoatings,  but  a com- 
promise must  be  made  between  the  reflec- 
tance desired  at  Lyman  a and  Lyman  The 
technique  used  is  described  in  reference  1 1. 

Each  time  the  mirrors  have  to  be 
changed,  the  remounting  and  realignment  of 
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them  is  a very  tinie-consuming  process.  In  this 
f/10  system,  the  best  focus  position  is  very 
sensitive  to  intervertex  spacing.  Adjustments 
must  be  made  to  locate  the  best  focus  within 
the  dimensional  range  available  for  posi- 
tioning the  monochromator  exit  aperture. 
Except  for  the  time  required  for  these  initial 
alignments,  the  method  presently  in  use  is 
adequate  for  the  non-diffraction-limited 
optics  concurrently  on  hand.  This  method 
involves  autocollimating  from  a large  flat, 
scanning  alonj;  the  optical  axis  to  find  the 
best  image  position  for  various  intervertex 
settings,  then  measuring  and  photographically 
recording  the  return  image.  This  cut-and-try 
method  would  not  be  accurate  enough  to 
make  effective  use  of  diffraction-limited 
optics.  (Interferometric  and  other  suitable 
techniques  currently  available  will  be  dis- 
cussed in  other  workshop  papers.)  Careful 
consideration  must  also  be  given  to  the  adapt- 
ability of  such  techniques  for  use  in  a 
thermal-vacuum  environment.  This  is 
certainly  a “must"  for  any  future  calibration 
facility. 

Because  it  is  time-consuming  to  remove, 
recoat,  and  reinstall  the  VOB  collimator 
optics,  degradation  of  coatings  due  to  any 
type  of  contaminant  is  a matter  of  continual 
concern.  Regardless  of  the  care  exercised, 
eventually  the  problem  of  cleaning  the 
mirrors  in  place  must  be  faced.  This  type  of 
cleaning  has  been  successfully  done  for  the 
magnesium-fluoride  overcoated  mirrors  by 
flooding  the  38-inch-diameter  primary  mirror 
with  freon  TF  and  immediately  drying  it  with 
clean,  dry,  gaseous  nitrogen.  That  statement, 
however,  should  be  viewed  with  a great  deal 
of  caution  because  success  Is  largely 
dependent  upon  the  actual  technique  used 
and  several  other  factors,  such  as  the  type  of 
tubing,  the  spray  nozzle,  the  handling,  the 
source  of  the  freon,  etc.  Cleaning  this  3B-inch 
mirror  when  overcoated  with  litMiun  fluoride 
has  not  as  yet  been  attempted  because  to 
detenrare  the  degree  of  success  would  require 
that  the  chamber  be  available  for  three 
months.  Such  cleaning,  however,  has  been 
done  on  small  mirrors  by  Dr.  George  Haas  at 
Fort  Belvoir. 


The  intended  usi;  of  the  SSS  is  to 
perform  an  absolute  radiometric  calibration 
of  stellar  expehment  packages.  This  requires  a 
detailed  knowledge  of  l,he  absolute  flux  level 
in  the  38-inch  beam  and  any  spaticl  or 
temporal  variations  oJ  the  flux  level.  To 
obtain  such  data  in  the  VOB,  an  r-d  drive, 
beam  probe  is  used  to  transport  calibrated 
multiplier  phototubes  to  scan  the  38-inch 
beam.  In  a normal  scan  in  the  VOB,  3000 
dat.  points  are  obtained.  This  requires  the 
availability  of  high-speed  data  collection, 
processing,  and  display  equipment. 

The  calibration  of  these  scanning  multi- 
plier phototubes,  in  order  to  use  them  as 
secondary  standards,  requires  on-site  labora- 
tory equipment  for  performing  accurate  cali- 
brations in  the  visible,  near  ultraviolet,  and 
vacuum  ultraviolet.  Years  of  learning  time  are 
needed  to  use  such  equipment  knowl- 
edgeably. The  on-site  requirement  stems  from 
two  sources.  First,  there  is  evidence  that  such 
tubes  change  absolute  calibration  with  time, 
which  makes  us  to  want  to  calibrate  them 
immediately  before  and  after  each  use  period. 
Second,  only  a ve.7  few  organizations  are 
equipped  to  perfor  ~‘  the  vacuum  ultnr/iolet 
portion  of  the  calibrations,  and  their  labora- 
tories are  fully  utilized  in  handling  thei  - own 
work.  Much  more  needs  to  be  done  in  this 
particular  field. 

Consideratior.  of  the  beam-probe  drive 
system  and  the  electronic  and  electrical 
equipment  involved  in  the  measurement  of 
the  flux  in  the  beam  opens  another  door  to  a 
whole  spectrum  of  problems  Avoidance  of 
contamination  serves  as  a major  constiaint  on 
material  selection  in  each  case.  Some  key 
areas  of  concern  are  with  i lotors,  lubricants, 
nonreflecting  finishes  and  coatings,  high- 
voltage  cables,  connectors  and  feedthroughs, 
electrical  noise  and  magnetic  fleld  generation. 
Although  it  seems  that  enough  is  known  in 
these  areas  to  survive  today,  cr-vh  time  the 
need  arises  to  stretch  the  caoa‘alities  of  the 
VOB,  substar.tial  explorator  'O!  k has  to  be 
done.  The  list  of  usable  r‘  j>  .ials  and  equip- 
ments in  these  areas  t be  expanded  to 
meet  the  neids  of  futu  ^ nervatories. 
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Low  Temperature  Optical  Facility 

The  Low  Temper?  tuie  Optical  Facility 
(LTOF),  which  is  a companion  facility  to  the 
VOB,  was  built  to  determine  any  misalign- 
ments that  may  occur  in  the  OAO  experiment 
packages  when  they  are  subjected  to  orbital 
temperatures.  Ever  since  the  first  test  of  an 
experiment  was  run  in  late  1964,  this  facility 
has  been  found  to  be  far  more  useful  than  was 
originally  envisioned.  Consequently,  some 
broad-tendpass  calibration  capabUity  has 
been  incorporated  into  the  facility.  A con- 
ceptual drawing  of  the  LTOF  is  shown  in 
figure  16. 


Figure  16.  Low  temperature  optical  facility. 


The  LTOF  consists  of  a controlled- 
temperature  test  chamber,  13  feet  wide  by  43 
feet  long  by  IVi  feet  high.  Inside  the  chamber, 
but  mounted  on  a vibration-isolating  block  via 
penetrations  in  the  chamber  floor,  is  a 39-inch 
dear-aperture  collimator  and  a special 
handling  device  for  experiments.  The  chamber 
is  provided  with  a thermal  lock  for  personnel 
access  at  low  temperatures.  The  chamber  and 
anteroom  meet  class- 10,000  clean-room  re- 
quirements. 

The  temperature  in  the  cliamber  can  be 
varied  from  +23®  to  -60®C  at  a predetermined 
rate.  Test  temperature  is  held  to  ±1®C 
throughout  the  testing  area.  The  dew  point  of 
the  air  is  maintained  below  -60°C  in  order  to 
prevent  any  condensation  on  components  in 
the  chamber. 


The  collimator  is  a Newtonian  mirror 
system,  which  directs  the  light  from  several 
interchangeable  light  sources  in  a 39-inch 
collimated  beam  to  the  optical  experiment 
under  test.  The  optical  system  of  the  facility 
is  thermally  compensated,  and  means  are 
provided  for  initial  alignment  and  for 
checking  this  alignment  at  the  test  tempera- 
ture. 

The  special  handling  device  is  provided 
to  receive  an  OAO  experiment  in  the  vertical 
position,  to  rotate  it  to  the  horizontal,  to 
transport  it  into  the  chamber,  and  to  serve  as 
a mounting  structure  during  tests.  The  experi- 
ment can  be  rotated  in  pitch  and  yaw  ±15 
degrees  about  the  geometrical  center  and  360 
degrees  about  the  roll  axis  for  ±1  g testing. 
The  handling  device  will  accept  experiment 
packages  up  to  40  inches  in  diameter  by  1 20 
inches  long  and  weighing  up  to  1000  pounds. 

An  X-Y  beam-probe  scanning  device  is 
provided;  it  carries  a multiplier  phototube. 
The  use  of  a thermoelectric  cooler  makes  it 
possible  to  maintain  this  tube  at  -20°  C at  any 
chamber  temperature.  The  flux  level  and 
uniformity  in  the  39-inch  beam  are  measured 
by  using  this  scanner.  High-speed  data  collec- 
tion techniques  are  employed  in  much  the 
same  fashion  as  in  the  VOB.  An  array  of  light 
sources,  imaging  optics,  broad  bandpass,  and 
neutral  density  filters  are  located  in  an  insu- 
lated light-source  housing  that  is  maintained 
at  +23®C  by  a separate  air-handling  system. 

Numerous  boresighting  and  angle- 
measuring instruments  are  available,  but  each 
presents  a unique  set  of  problems  because  of 
the  low  temperatures  in  the  chamber.  The 
proper  application  of  low  temperature  lubri- 
cants and  the  selection  of  suitable  electrical 
insulation  are  most  perplexing  until  one  has 
gained  some  experience  in  their  use  at  these 
low  temperatures.  An  accuracy  of  1 arc 
second  in  making  anr'a  measurements  has 
been  achieved  and  ca  < be  improved  upon 
under  certain  conditions. 

It  should  be  pointed  out  that,  since  air  is 
used  in  the  LTOF,  tests  are  generally  run  with 
all  of  the  elements  of  an  experiment  package 
at  a uniform  temperature  as  opposed  to  a 
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gradient  condition,  which  would  prevail  in 
orbit.  Consequently,  the  information 
obtained  in  such  tests  falls  into  the  category 
of  diagnostic  and  relative  data  rather  than 
absolute  calibration  data.  By  the  same  token, 
since  man  can  enter  the  chamber,  tests  such  as 
image  quality  and  resolution  tests  can  be 
performed  easily  whereas  these  would  be  very 
difficult,  if  not  impossible,  to  do  in  a vacuum. 

For  the  calibration  and  evaluation  of 
future  observatories,  a combined  thermal- 
vacuum- optical  facility  is  needed.  It  has  been 
found  to  be  most  difficult  to  combine  the 
results  obtained  in  the  VOB  (vacuum  only) 
with  those  of  the  LTOF  (low  temperature 
only).  From  an  operational  standpoint,  how- 
ever, the  unique  operating  modes  of  each 
facility  should  be  retained  to  aid  in  improving 
the  confidence  level  one  can  achieve  with 
regard  to  the  launch  readiness  of  a future 
observatory. 

Princeton  Optical  Bench 

A partial  step  toward  a combined 
thermal-vacuum-optical  facility  has  been 
takCii  with  the  Mnceron  Optical  Bench 
(FOB),  shown  diagrammatically  in  figure  17. 
The  bench  and  a special  optical  dome  are 
mounteu  on  a 12-foot-diameter  by  15-foot- 
higl:  thermal-vacuum  chamber.  Several  optical 
measuring  instruments  are  mounted  on  an 
isolated  table  outside  and  above  the  chamber. 
These  instruments  consist  of  a 4-inch- 
diameter  star  simulator  and  several  auto- 
collimators and  theodolites.  Electronic  levels 
and  a pendulous  mirror  are  used  to  adjust  the 
lines  of  sight  of  these  instruments  parallel  to 
each  other.  Hanging  from  the  optical  table  are 
three  servo-driven  columns,  which  penetrate 
the  dome  through  vacuum-tight  bellows. 
Inside  the  chamber,  the  actual  bench  struc- 
ture is  connected  to  the  columns.  At  the 
lower  end  of  the  bench  is  a rigid  support  ting 
in  which  the  experiment  package  and  a multi- 
mode  thermal  control  shroud  are  mounted. 

As  the  thermal  gradients  on  the  experi- 
ment package  are  changed,  through  the 
control  shroud,  to  simulate  various  orbital 
conditions,  the  angular  relationships  among 


Figure  1 7.  Princeton  optical  bench,  schematic, 

the  experiment’s  fine  guidance  sensor,  tele- 
scope a.xis,  spectrometer  slit  location,  and 
several  reference  mirrors  located  on  critical 
elements  can  be  measured. 

The  optical  instrument  table,  from 
which  all  other  bench  components  and  the 
experiment  are  suspended,  is  isolated  from 
chamber  vibrations  through  air  mounts  and  is 
also  servo-driven  to  preserve  its  orientation  to 
gravity.  In  addition,  as  thermal  gradients 
change  the  lengths  of  the  columns,  these 
columns  are  servo-driven  to  retain  parallelism 
between  the  experiment  support  ring  and  the 
optical  table. 

Acceptance  tests  using  a model  of  the 
OAO  Princeton  Experiment  were  completed 
during  March  1969.  Angle-measuring  accura- 
cies of  approximately  2 arc  seconds  were 
obtained.  With  this  design,  isolation  from 
vibrations  and  other  distortions  is  sufficiently 
good  to  keep  the  jitter  in  the  sub-arc-second 
region. 

Note  that  alt  of  the  optical  instruments 
are  mounted  external  to  the  thermal-vacuum 
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chamber.  It  is  likely  that  in  any  future  facility 
most  of  these  instruments  would  have  to 
operate  inside  the  chamber.  This  would 
require  adaptation,  if  not  modification,  of 
currently  available  devices. 

Optical  Alignment  Facility 

To  meet  the  fine  alignment  and  fine 
photometric  requirements  of  the  OAO  A-2 
complete  observatory,  the  Optical  Alignment 
Facility  (OAF)  was  designed  and  built  at 
GSFC.  This  facility  incorporates  an  improved 
method  of  optical  tooling  for  the  determi- 
nation of  the  angular  alignment  of  randomly 
oriented  devices.  The  OAF  is  shov/n  schemati- 
cally in  figure  1 8 and  is  described  in  detail  in 
reference  12. 

The  OAF  was  designed  primarily  for 
determining  the  r^'ll,  pitch,  and  yaw  coordi- 
nates of  the  star  trackers,  solar  sensors,  jets, 
and  other  components  of  the  OAO.  It  is 
located  in  the  spacecraft  checkout  area,  a 
class- 10,000  clean  room,  in  Building  7 near 
the  other  environmental  facilities  of  the  Test 
and  Evaluation  Division. 

The  OAF  consists  of  a remotely  con- 
trolled, precision  rotary  table  on  which  the 
test  object  is  located,  a vertical  tooling  bar  for 
a first-order  theodolite,  an  overhead  structure 
for  locating  relay  mirrors,  and  an  elevator  to 
enable  the  operators  tc  position  the  theodo- 
lite at  any  elevation.  The  permanent  azimuth 
reference  is  a dihedral  mirror  mounted  on  a 
heavy  sand-filled  stand.  Electronic  levels  are 
used  to  monitor  continuously  the  gra'/ita- 
tional  relation  of  the  rotary  table  and  the 
dihedral  reference  mirror. 

The  unique  feature  of  the  facility  is  its 
inherent  capability  to  measure  the  pointing 
direction  of  any  item  on  the  test  object, 
regardless  of  its  location,  provided  the  item 
can  be  equipped  with  a suitable  optical  test 
tool.  The  tool  and  the  relay  mirror  are  viewed 
in  autocollimation,  and  the  azimuth  and 
elevation  readings  are  transformed  into 
coordinates  of  roll,  pitch,  and  yaw  by  a com- 
puter program  using  matrix  optics  methods. 
The  facility  uses  a single  theodolite  and  only 
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Figure  18.  Optical  alignment  facility. 

one  azimuth  and  one  gravity  reference;  hence, 
the  errors  are  minimum,  and  an  accuracy  of  5 
to  7 arc  seconds  is  readily  obtainable.  All  of 
the  instrumentation  used  in  the  OAF  is 
certified  with  traceability  to  the  National 
Bureau  of  Standards. 

The  observational  procedures  are  such 
that  six  objects,  such  as  star  trackers,  or  10  to 
1 2 single  surfaces,  such  as  jets  or  solar  sensors, 
can  be  measured  in  an  8-hour  shift. 

Additional  instrumentation  is  on  hand  tc 
make  precision  photometric  measurements, 
such  as  linearity  and  stellar  magnitude, 
without  disturbing  the  basic  facility. 
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The  rotary  table  and  the  overhead  struc- 
ture can  accommodate  objects  up  to  7 feet  in 
diameter  by  10  to  12  feet  high  and  weighing 
as  much  as  6000  pounds. 

Optical  Engineering  Laboratory 

To  support  the  VOB,  LTOF,  FOB,  and 
OAF,  numerous  angle-measuring  and  align- 
ment instruments  are  required.  These  instru- 
ments must  be  calibrated  frequently  to 
achieve  the  utmost  in  angle-measuring 
accuracy.  It  soon  becomes  apparent  that  an 
on-site  calibration  facility  is  needed  because 
of  the  quantities  of  instruments  involved,  the 
quick  tum-around  time  needed,  and  the 
relatively  fragile  nature  of  the  instruments.  To 
perform  such  calibrations,  angle  generators 
are  now  available  with  an  inherent  accuracy 
better  than  0.1  arc  second;  however,  the 
manufacturer  can  certify  this  device  to  only 
0.25  arc  second.  Therefore,  one  must  employ 
long-path-length  laser  systems  or  holographic 
techniques  to  calibrate  these  angle  generators 
more  accurately  than  the  certified  values. 

Perhaps  the  most  accurate  angle  gen- 
erator m existence  today  is  one  called  a single 
wedge  angle  generator,  which  was  developed 
at  GSFC.  The  qualifying  term  “perhaps”  is 
used  because,  even  though  criticism  of  this 
device  has  been  openly  invited  and  the  accu- 
racies claimed  have  not  been  disputed  to  date, 
these  accuracies  are  almost  unbelievable.  A 
grossly  conservative  error  analysis  yields 
absolute  accuracies  of  0.001  arc  second  over  a 
3-arc-second  range  of  angles  generated,  0.01 
arc  second  over  a 36-arc-second  range,  and  0.1 
arc  second  over  a 347-arc-second  range. 

The  device  consists  of  a simple  wedge 
that  is  rotated  between  a fixed  plane  mirror 
used  for  autoreflection  and  a fixed  mono- 
chromatic autocollimator,  which  is  being 
calibrated.  The  angle  generated  is  determined 
analytically  after  measuring  the  rotation  angle 
of  the  wedge  to  only  1 arc  second  and  with 
relatively  crude  knowledge  of  the  v/edge  angle 
and  the  indices  of  refraction  of  the  wedge  and 
air.  This  generator  is  described  more  fully  in 
reference  13. 


Although  it  might  be  useful  to  convert 
this  device  to  a two-axis  angle  generator,  the 
accuracies  now  obtainable  should  fulfill  the 
calibration  requirements  for  any  auto- 
collimating  instruments  that  might  be  needed 
in  any  future  test  facility  for  the  observatories 
currently  being  discussed. 

An  on-site  optical  engineering  laboratory 
is  utilized  in  support  of  observatory  programs 
for  tasks  other  than  calibration  of  ^ignment 
instruments.  Such  programs  require  numerous 
star  simulators,  which  must  be  aligned  and 
photometrically  calibrated  at  frequent 
intervals.  In  addition,  numerous  specialized 
optical  gages  require  calibration  and  adjust- 
ment in  support  of  alignment  checks  that  are 
performed  in  a facility  like  the  OAF.  Most  of 
this  work  must  be  performed  in  a carefully 
controlled  laboratory  environment,  and  much 
of  it  requires  clean-room  conditions. 

Observatory  Design  Analysis 

The  importance  of  designing  the  obser- 
vatory so  it  can  be  calibrated  and  tested  must 
be  stressed.  If  such  a philosophy  is  adopted  at 
the  concept  stage  of  an  observatory  program, 
it  will  indeed  bear  fruit.  One-of-a-kind  cali- 
bration facilities  require  nearly  as  much  time 
to  design,  build,  and  shake  down  as  it  does  to 
get  an  observatorj'  from  the  concept  phase  to 
the  ready-to-calibrate  stage.  With  both  design 
and  test  personnel  working  together  from  the 
beginning,  the  facility  will  more  nearly  meet 
the  needs  of  the  program.  This  kind  of  early 
cooperative  effort  will  yield  another  benefit. 
Sufficient  time  will  be  available  to  perform 
detailed  structural,  thermal,  and  optical 
design  analyses  to  pinpoint  the  more  critical 
aspects  of  the  observatory  design.  This  makes 
it  possible  to  improve  the  observatory  during 
construction  and  also  to  generate  a meaning- 
ful test  program  that  can  be  run  in  a 
minimum  amount  of  time.  For  observatories 
even  larger  and  more  complex  than  the 
current  OAO’s,  even  a few  days  of  test  time 
will  represent  a substantial  number  of  dollars 
that  can  be  saved. 

Seme  effort  in  this  direction  is  in 
progress  at  GSFC  on  a project  entitled  STOP 
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(Structural  Thermal  Optical  Program).  The 
structural  and  thermal  programs  are  rather 
4~  well  developed,  and  a merger  of  the  two  is 
currently  taking  place.  Optical  design  evalua- 
i'  tion  programs  exist  in  so  many  forms  that  it 
■>  would  be  foolhardy  to  try  to  mention  even 
: the  most  powerful  of  these  in  this  paper.  Each 

of  these  programs  is  modified  by  each  optical 
j'  designer  to  suit  his  own  special  types  of 
' problems.  In  the  hands  of  a skilled  designer, 
the  programs  seem  to  exist  to  perform  a 
suitable  analysis  of  the  optical  designs  of  any 
/ observatory.  Some  interesting  and  recent 

k work  in  telescope  design  is  described  in 

I reference  14.  The  intention  at  GSFC  is  to  in- 

I cor^rate  the  “O”  (for  optical)  into  the  STOP 

I project. 

J Future  Calibration,  Simulation,  and  Test 

^ Facilities 


Based  upon  experience  gained  to  date, 
the  current  OAO  program  through  flight  4 
could  well  utilize  a combined  thermal- 
vacuum-optical  calibration  facility.  The 
increase  in  confidence  level  that  could  be 
obtained  can  be  shown  to  justify  the  cost,  but 
the  required  facility  cannot  be  built  in  the 
time  remaining. 

Among  the  follow-on  stellar  obser- 
vatories being  considered  at  this  time  is  one 
sometimes  called  ASTRA  and  sometimes 
called  an  Advanced  OAO.  This  observatory 
would  utilize  the  full  shroud  volume  and  pay- 
load  weight  capability  of  the  Centaur.  It 
would  be  variously  a 40-inch,  48-inch,  or 
60-inch  aperture,  diifraction-limited  telescope 
with  one  or  more  observing  instruments 
carried  by  a ground-controlled  spacecraft. 
Facilities  either  exist  or  with  some  modifica- 
tions would  be  adequate  to  meet  the  simula- 
tion and  testing  requirements  for  full  systems 
testing  of  this  size  and  type  of  observatory.  A 
calibration  facility  would  be  needed;  this 
might  take  the  form  shown  in  either  figure  19 
or  figure  20.  The  basic  differences  between 
these  two  concepts  are:  (l)the  figure  19 
chamber  is  soft-mounted  while  the  figure  20 
chamber  is  hard-mounted;  (2)  the  figure  19 
chamber  is  really  a two-part  chamber  with  the 


upper  half,  containing  the  SSS,  essentially 
thermally  isolated  from  the  lower  half;  the 
figure  20  chamber  is  a single  chamber.  In  the 
two-part  chamber,  a valve  between  the  two 
can  be  closed,  and  the  upper  section  can  be 
returned  to  ambient  quickly  when  repairs 
and/or  adjustments  are  required.  In  the 
opinion  of  the  author,  all  of  the  optical 
instruments  and  techniques  needed  for 
proving  performance  of  tht  SSS  during  cali- 
bration of  an  observatory,  and  for  other 
monitoring  purposes,  exist  today,  but  many 
would  require  adaptation  for  use  in  a thermal- 
vacuum  environment  and  in  clean  rooms. 


Figure  19.  The  35-foot  by  90-foot  STEF  chamber 
concept. 


Similar  calibration-chamber  concepts 
have  been  developed  to  handle  the  120-inch 
diffraction-limited  telescopes  of  the  manned- 
orbiting-telescope  (MOT)  type  of  observatory. 
Because  of  the  logistics  involved  in  handling 
such  a very  large  stellar  observatory,  serious 
consideration  should  be  given  to  the  feasi- 
bility of  incorporating  all  full-systems  simu- 
lation and  testing  capabilities  as  well  as  the 
calibration  features  into  a single  facility. 
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Figure  20.  The  50-foot  by  90-foot  therrml-vacuum- 
optical  bench. 


Recommended  Research  and  De'  ?lopment 
Tasks 

In  summary,  existing  simulation  and  test 
facilities  could  be  made  adequate  for  the 
ASTRA  or  Advanced  OAO  class  of  obser- 
vatories, but  a calibration  facility  does  not 
exist.  For  the  MOT  class  of  observatory,  an 
entire  new  calibration,  simulation,  and  test 
facility  complex  would  be  required.  To 
prepare  for  the  advent  of  these  second  and 
third  generation  stellar  observatories,  the 
author  feels  that  the  following  research  and 
development  tasks  must  be  pursued  to  ensure 


that  adequate  calihration,  simulation,  and  test 
facilities  can  be  made  available  on  a timely 
and  economically  sound  basis; 

1.  Perform  tradeoff  studies  of: 

a.  Chamber  configurations, 
pumping  systems,  and  isola- 
tion methods 

b.  Star-simulator  system  configu- 
rations, including  necessary 
proof-of-performance  and 
diagnostic  instrumentation. 

2.  Extend  and  refine  present  ana- 
lytical methods  for  performing  structural, 
thermal,  and  optical  design  analyses. 

3.  Analytically  and  experimentally 
establish  allowable  tolerance  levels,  and 
improve  detection  instrumentation  for  various 
contaminants  with  regard  to; 

a.  Mirror  coatings 

b.  Scattered  light 

c.  Properties  of  thermal  coatings. 

4.  Develop  0.01 -arc-second  angle- 
monitoring device  and  real-time  servo- 
controlled  correction  system. 

5.  Increase  number  and  reliability  of 
noncontaminating  materials,  motors,  lubri- 
cants, cements,  high-voltage  connectors,  etc. 

6.  Devise  a method  for  cleaning  con- 
taminated observatories  and  chambers. 

7.  Develop  primary  and  secondary 
radiometric  standards,  and  improve  detector 
calibration  accuracy  especially  in  the  vacuum 
ultraviolet  region. 

8.  Develop  light  sources  with  im- 
proved spatial  uniformity,  temporal  stability, 
operating  life,  and  dynamic  range. 

9.  Adapt  diagnostic  instrumentation 
for  star-simulator  systems  for  use  in  thermal- 
vacuum  chambers. 

10.  Determine  the  cuai  ges  in  physical 
properties  of  reflecting  and  transmitting 
optical  materials  due  to  space  environments, 
such  as  low  temperatures,  hard  radiation,  and 
the  like. 
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Appendix  A 

GSFC  Test  Facilities  Data  System 


The  GSFC  Test  and  Evaluation  Division 
has  a Test  Facilities  Data  System  comprised 
of  a centralized  data  collection  system  and 
four  Control  Data  Corporation  (CDC)  com- 
puters: one  8090,  two  160-A’s,  and  one  3100. 
The  primary  function  of  the  total  system  is  to 
collect,  to  process,  and  to  display  on  demand 
selected  data  from  both  facilities  and  space- 
craft during  environmental  testing. 

The  data  collection  system  has  three  sub- 
systems for  multiplexing  and  digitizing  analog 
signals  at  various  sampling  rates  and  signal 


levels.  All  three  systems  can  run  concurrently. 
Nominal  characteristics  of  each  system  are: 

1.  2500  channels  every  100  seconds; 
±10  millivolts 

2.  1500  channels  at  5 samples  per 
second;  ±5  volts 

3.  150  channels  at  100  samples  per 
second;  ±5  volts. 

The  channels  on  each  system  can  be 
supercommutated  to  obtain  higher  sampling 
rates  but  with  a reduction  in  the  number  of 
channels  that  can  be  sampled. 
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part  of  the  ^0^0  coirputer  is  an  integral 
part  of  the  low-speed  data  collection  system 
nput  data  to  the  low-speed  system  (2500 
channels  sampled  every  100  seconds)  are 

fwS^^Jn  “"“s.  are  checked 

or  hi^  and  low  limits,  and  are  output  to 

’tH  "*”P-‘=hart  printers  iLted 

faculties.  These  data  are  also 
recorded  on  a disk  connected  to  the  CDC 
3100  computer  and  are  continuously  updated 
so  that  the  latest  8 hours  of  data  are  always 


available.  Remote  inquiry  stations  (CRT/ 
Keyboards),  connected  to  the  CDC  3100 
computer  and  located  throughout  the  test 
facility  complex,  permit  the  test  conductor  to 
retrieve  these  data,  to  process  them  as  re- 
quired, and  to  display  the  results  on  the  CRT. 

Processing  of  data  from  the  higher  col- 
lection rate  system  is  an  off-line  operation. 

Jfh®  two  CDC  160-A’s  are  available  on  a 
scheduled  basis  to  satisfy  special  collection  or 
processing  requirements. 
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This  presentation  is  an  attempt  to 
answer  questions  about  tht  capabUities  of 
computer  codes  in  lens  design. 

One  question  usually  asked  is:  Does  the 
computer  replace  the  lens  designer?  Lens 
“design”  codes  are  not  strictly  for  lens  design 
but  for  lens  optimization.  The  lens  designer 
uses  the  optimization  programs  to  pursue  to  a 
local  optimum  the  merits  of  a lens  configu- 
ration that  the  designer  specifies  by  his  input 
data.  Any  person  willing  to  understand  the 
opeidting  instructions  for  a lens  optimization 
progrrim  can  “crib”  lens  designs  from  the 
literature  as  the  starting  point  for  a lens 
optimization  run.  This  procedure,  though 
often  followed,  is  not  lens  design  on  a high 
level.  The  lens  design  game  begins  in  earnest 
when  it  becomes  necessary  to  alter  the 
topology  of  the  initial  trial  system  or  to 
invent  a new  type  of  lens  configuration. 
Today,  the  lens  designer  is  just  as  essential  in 
this  role  as  he  ever  was.  TTie  computer  has 
merely  freed  the  lens  designer  from  the 
drudgery  of  pursuing  to  optimum  perfo^ 
mance  a lens  configuration  that  he  thinks  has 
potential  merit. 

A second  question  is  whether  or  not  an 
optimization  program  can  properly  compare 
two  imperfect  images  when  the  lens  design 
goal  is  not  a diffraction-limited  system.  This 
question  is  important  in  the  design  of  com- 
mercial lenses,  most  of  which  are  not  nearly 
diffraction-limited.  A large  portion  of  the  art 
in  the  design  of  these  lenses  is  to  force  as  large 
a fraction  of  the  energy  in  the  image  of  any 
particular  object  point  into  a small-core  image 
area  and  to  cause  the  ill-behaved  energy  to  fall 
as  far  outside  this  core  as  possible.  A lens 
optimization  program  should  in  one  way  or 


another  cope  with  this  situation.  Most  of 
them  do,  but  in  all  programs  some  guidance  in 
this  matter  must  be  supplied  by  the  program 
user. 

Time  is  the  third  question.  We  are  inter- 
ested in  the  calendar  time  that  expires  from 
specification  of  the  job  until  completion  as 
well  as  the  amount  of  computer  time  used.  A 
comfortable  calendar  time  is  approximately 
two  weeks  for  a job  that  in  the  precomputer 
era  would  have  taken  a year.  This  amount  of 
time  allows  the  lens  designer  to  operate  at  a 
leisurely  pace  and  to  satisfy  himself  that  he 
has  explored  all  the  interesting  possibilities. 
During  this  period,  the  lens  designer  might  be 
faced  with  as  many  as  three  jobs  simulta- 
neously, depending  upon  the  intricacies  of  his 
problems.  The  amount  of  computer  time 
varies  greatly  and  depends  upon  the  com- 
puter, the  optimization  code,  and  how 
efficiently  the  user  has  functioned. 

In  preparing  this  paper,  1 reviewed  a 
series  of  computer  runs  1 had  made  in  the 
design  of  an  optical  system  having  26  su^ 
faces.  This  system  was  started  completely 
from  scratch;  there  was  absolutely  no  appli- 
cable prior  art.  The  job  involved  investigating 
about  4S  configuration  modifications,  and 
each  configuration  required  60  to  70  seconds 
of  computer  time  to  optimize.  This  opti- 
mization was  done  by  using  a machine 
language  code  on  the  CDC  6600  Computer. 
(Recent  program  modifications  would  halve 
this  computer  time.)  Under  no  circumstances 
would  I have  undertaken  this  job  with 
classical  lens  design  methods;  it  would  have 
been  at  least  a lifetime  job. 

The  fourth  pertinent  question  is:  How 
does  the  quality  of  a computer-optimized  lens 
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compare  with  a lens  optimized  by  classical 
tecnniques?  (We  shall  in  this  and  subsequent 
co|^^arisors  grant  that  the  classical  tech- 
nhiuey >rU{  be  supported  by  using  a computer 
to  trace fay^and  to  perform  other  direct  slave 
work.)  Tmir^  4uesfion,  is  very  difflcult  to 
answer  donlplete^  because  the  answer 
depends  upon  many  Oict^s,  of  which  the 
most  vital  are:  . , 

1.  What  is  the  lens"oblem  to  be 
solved? 

2.  WtiO  is  the  “classical  lens  designer” 
pitted  against  which  optimization  program? 

.\t  one  extreme  end  of  the  spectrum  is 
the  classical  double-gauss  lens,  six  pieces  of 
glass  only.  There  is  little  or  nothing  to  be 
gained  by  computer  optimization  of  such  a 
lens  type  over  what  can  be  accomplished  by 
classical  methods.  Computer  optimization  can 
speed  things  up,  but  the  quality  of  the  final 
design  is  not  improved  by  any  noteworthy 
amount.  We  must  emphasize  that  the  classic^ 
double-gauss  lens  has  one  outstanding  type  of 
residual  optical  aberration.  This  residual 
aberration  is  inherent  to  the  lens  tyoe.  and 
neither  man  nor  computer  can  remove  it.  For 
other  more  complex  lens  configurations,  we 
have  seen  the  computer  surpass  the  best 
efforts  produced  by  classical  design  by  factors 
ranging  from  3 to  10  (measured  in  terms  of  a 
linear  function,  either  wavefront  deformation 
or  lateral  intercept  errors).  As  we  explained 
before,  computer  methods  can  allow  design  of 
systems  that  would  be  unapproachable  by 
classical  methods. 

The  fifth  question,  perhaps  more  of 
theoretical  interest  than  of  practical  interest, 
is:  How  efficiently  do  lens  optimization 
programs  utilize  the  computer?  To  be  more 
specific,  what  is  the  ratio  of  arithmetic  opera- 
tions required  by  a computer  program  to 
those  required  by  classical  procedures?  My 
best  determination  of  this  ratio  is  that  the 
computer  can  be  utilized  to  about  10  percent 
efficiency;  that  is,  to  solve  a typical  difficult 
problem  in  lens  design,  a property  used  com- 
puter program  will  perform  about  10  times  as 
many  arithmetic  or  ^stions  as  required  by 
classical  methods. 


Large  computers  can  trace  rays  approxi- 
mately 10‘  to  10’  times  faster  than  was 
possible  by  desk  calculator;  they  can  do  this 
to  several  more  significant  decimal  digits  and 
without  error.  Factors  of  10*  to  10®  are 
nothing  in  the^e  days  of  megatons  and 
national  budgets,  but  they  are  significant 
when  applied  to  one’s  personal  time. 

A final  and  most  useful  application  of 
lens  optimization  programs  is  in  the  interface 
with  the  total  problem  at  hand,  ^^'hen  a lens 
designer  had  solved  a problem  by  classical 
methods  (in  a year  or  so)  according  to  speci- 
fications handed  him,  he  would  under- 
standably be  reluctant  to  make  “minor” 
modifications  to  interface  the  lens  with 
changed  requirements.  The  changes  might  be 
well  merited,  but  the  lens  designer  v/ould  well 
merit  a vacation,  at  least  from  that  particular 
job.  K,  however,  the  optical  system  in 
question  exists  as  a data  deck  for  a lens 
optimization  program,  the  lens  designer  can 
answer  questions  posed  by  mechanical 
engineers  as  to  what  would  happen  if  it  were 
changed  a millimeter  or  so.  Reciprocally,  the 
lens  designer  will  have  the  data  to  back  him 
up  in  asking  the  mechanical  engineers  to  relax 
at  least  one  of  several  requirements.  Such  an 
interface  problem  requires  almost  no 
computer  time,  but  successful  execution  of 
such  a procedure  requires  that  l oth  the  lens 
designer  and  the  mechanical  engineer  under- 
stand their  jobs. 

A very  legitima  te  concern  about  using  a 
computer  to  solve  a lens  eptimization 
problem  is  whether  or  not  the  computer  code 
will  produce  a design  that  can  be  fabricated. 
There  is  good  reason  to  expect  th  it,  if  a com- 
puter optimization  code  proce  eds  toward 
obtaining  optimal  computed  {erformance 
with  no  reference  to  practicality  of  con- 
struction, the  end  result  will,  to  siy  the  least, 
be  unacceptable  to  the  optical  shop.  We  have 
found  to  our  amazement  that  in  the  majority 
of  cases  such  concern  is  ill-founded.  Actually, 
we  liave  often  observed  that  s lens  opti- 
mization program  will  virtually  make 
“dummy  lenses”  of  components  that  we  had 
introduced.  Allowed  our  way  is  classical 


LENS  DESIGN  BY  LARGE  COMPUTERS 


135 


designers,  we  probably  never  would  have  con- 
sidered removing  the  lens  elements  we  had 
introduced  for  a supposed  necessary  purpose. 

There  are  well-known  methods  of 
dealing  with  certain  difficult  aberrations, 
methods  that  lead  to  strict  construction  tol- 
erances. It  is  a trivial  matte:  to  force  a 
computer  code  to  be  as  observant  of  these 
proprieties  as  was  the  classical  lens  designer. 
In  fact,  many  computer  codes  provide  such 
features.  It  is  quite  another  matter,  however, 
to  provide  that  the  computer  code  compute 
tolerance  sensitivities  and  carry  these  as  items 
in  optimization.  This  has  also  been  done  and 
is  far  more  effectual  than  the  rule-of-thumb 
criteria  that  were  used  in  classical  lens-design 
procedures. 

In  conclusion,  I shall  try  to  answer  the 
final  question:  If  lens  design  is  done  so  easily 
on  computers,  why  *s  lens  design  capacity  so 


short?  The  computer  does  not  replace  the  lens 
designer.  Tlie  lens  designer  is  asked  to  treat 
problems  that  were  hopeless  before  computer 
optimization;  the  lens  designer  sometimes 
does  tens  of  revisions  in  order  to  interface 
v/ith  other  engineers;  the  lens  designer  is 
expected  to  do  a much  better  job  with  a com- 
puter than  by  using  only  classical  methods. 
The  computer  cannot  replace  the  lens 
designer’s  time  spent  in  conference;  it  can 
only  prove  or  disprove  his  decisions.  Neither 
the  lens  designer  nor  the  computer  is  respon- 
sible for  the  fact  ihat  many  completed  lens 
designs  are  never  executed,  even  as  proto- 
types. There  was  a time  when  lens  design 
proposals  contained  more  poetry  than  fact; 
today  they  often  contahi  complete  specifica- 
tions, including  seven  wavelength,  hetero- 
chromatic,  modulation  transfer  function 
(MTF)  computations. 
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Possibilities  for  Automating  Optical  Manufacture 


Robert  R.  Shannon 


Urjivffsit^ 

♦N?0- 

The  design  and  analysis  of  lenses  using 
large  computers  has  reached  a signiHcant  stage 
of  development.  Indeed  the  process  of 
optimizing  a design  has  come  to  be  considered 
“automated."  It  is  now  appropriate  to  deter- 
mine to  what  extent  the  fabrication  of  optical 
systems  can  be  automated. 

The  particular  process  of  automation  to 
be  discussed  in  this  paper  must  be  differ- 
entiated from  the  process  of  mass  production. 

In  the  mass  production  type  of  automation,  a 
repetitive  process  is  developed  and  refined  to 
attain  a quality  output  through  a lengthy 
procedure  or  process  or  work  flow  control. 
Development  of  such  a process  is  not  easy, 
but  it  requires  a somewhat  different  approach 
than  the  automation  of  manufacture  of  spe- 
cialized optical  systems  of  the  type  needed  in 
a large  space  telescope. 

The  production  of  a finished  optical 
surface  is,  at  the  present  time,  a task  for  a 
skilled  optical  craftsman.  Until  recently,  even 
the  testing  or  qualification  of  optical  surfaces 
was  not  a systematic,  quantified  process. 

The  process  of  producing  the  surface  is 
almost  entirely  based  upon  techniques 
developed  by  an  empirical  method.  The 
method  of  surface  generation  by  lapping  with 
a pitch  lap  operated  in  a quasi-random 
manner  over  the  surface  being  polished  will 
probably  be  the  major  method  of  surface 
generation  for  a long  period  of  time.  This 
process  cannot  be  described  by  any  simple, 
Unear,  physical  model,  but  the  process  does 
produce  a fine,  high-quality  surface  with  few 
Umitations  upon  the  desired  aspheric  shape  of 
the  surface.  There  are  possibilities  of  auto- 
mating this  technique  as  weU  as  automating 
linear  ionic-removal  or  vacuunvdeposition 
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methods  of  surface  finishing.  The  pitch- 
polishing method,  however,  appears  to  be  the 
dominant  general  method  for  the  mrmu- 
facture  of  large  optics  in  the  foreseeable 
future. 

What  is  meant  by  automation  iti  this 
context?  Once  the  lens  designer  has  com- 
pleted his  task,  a lens-design  data  sheet  exists. 
One  part  of  this  data  set  may  be  the  analytic 
description  of  s surface.  This  formula  needs 
to  be  converted  into  a precise,  usually 
symmetric,  surface  that  not  only  matches  the 
desired  curve  shape  but  also  has  a very  hifdi 
degree  of  smoothness  or  “polish.”  In  concept, 
one  would  like  to  feed  the  data  describing  this 
surface  into  a computer,  to  generate  a set  of 
machine  instmetions,  and  then  to  feed  these 
to  a numerically  controUed  polisliing  machine 
to  convert  the  formula  into  a surface.  Ideally, 
one  pass  on  the  rnachl’..?  would  be  enough. 
Actually,  the  iterative  process,  in  which  first 
coarse  steps  are  followed  by  fi-ter  increments 
that  converge  to  a solution,  will  probably 
continue  to  be  required. 

To  see  how  this  may  be  accomplished,  it 
is  necessary  to  review  *he  lens  design  process. 
The  operation  of  a modem  lens  design 
program  depends  upon  establishing  the 
relationship  between  a set  of  variables  and  the 
aberrations  to  be  controlled.  The  relationship 
is  taken  to  be  linear  over  some  range,  and  a 
solution  is  obtained.  Ilie  solution  is  evaluated 
and  usually  found  to  be  somewhat  better  but 
still  insufficient  because  of  the  nonlinearity  of 
tlie  relationship  between  variables  and  abe^ 
rations  over  a wide  range.  A new  solution  is 
found,  and  another  iterative  step  is  taken. 

When  such  a program  is  used,  the  lens 
designer  finds  that  he  begins  to  concentrate 
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more  on  the  solution  and  less  on  the  variables. 

Of  course,  he  must  use  a sufficient  set  of 
variables  to  be  able  to  attain  a solution.  These 
variables  must  be  chosen  to  have  convenient 
physical  properties;  otherwise,  a solution  will 
be  difficult  or  impossible  to  obtain.  The 
designer  no  longer  relates  a single  property  of 
the  aberrations  to  any  single  variable. 

A similar  process  for  manjjfactuje  c^  be  ^ 
considered.  The  variables  would 
operations  on  a polishing  m^chl|e(^l4^  •* 
empirical  input  could  be  obtained  in  which  a 
data  base  relating  variable  to  aberration  is 
generated  from  a series  of  experiments.  The 
aberrations  are  the  material  to  be  removed 
from  the  surface.  A lens-design-program 
approach  is  converted  to  a lens-fabricating 
program  in  which  an  optimum  set  of  variable  ; 
or  operations  is  selected  to  produce  the  sur- 
face. This  set  of  operations  is  carried  out,  and 
the  surface  residual  errors  are  evaluated. 
Iterative  steps  arc  taken  until  the  surface 
comes  into  solution.  Th’s  technique  differs 
from  the  present  art  in  that  at  no  time  is  the 
improvement  in  the  surface  ascribed  to  a 
single  member  of  the  set  of  operations,  or 
variables,  but  a total  linear  combination  is 
taken. 

This  system  method  of  manufacture  is 
feasible;  all  the  technology  to  accomplish  the 
process  is  available.  The  task  of  the  optician 
now  changes  to  parallel  that  of  the  lens 
designer.  He  must  select  and  develop  the  best 
set  of  input  variables,  or  polishing  operations, 
to  be  used. 

One  item  of  technology  that  the  lens 
designer  uses  to  complete  his  design  is  a merit 
function,  which  is  a combination  of  the 
residual  aberrations  that  describe  the  state  of 
correction.  The  proper  choice  of  a merit 
function  is  vital  to  ensure  that  the  design  will 
meet  the  needs.  Thus,  several  merit  functions 
may  be  used,  differing  in  detail  and  depending 
up  1 the  problem  to  be  solved.  An  analogous 
situation  exists  in  manufacturing  the  surface. 
After  each  iterative  cycle,  detailed  test  data 
can  be  obtained  that  describe  the  condition  of 
the  surface  either  in  detail  or  in  summary 
form.  By  property  weighting  the  components 
of  this  merit  function  at  each  stage  of  the 


fabrication  process,  it  is  possible  reach  the 
desired  solution.  The  weighting  is  a task  for 
the  optical  engineer. 

To  make  this  concept  clear,  let  us  look 
at  the  technology  of  testing  and  quantifying  a 
surface.  A wavefront  or  interferometric 
measurement  can  be  made  on  a surface.  By 
scanning  this  test  result,  a digital  represen- 
tation of  the  surface  can  be  obtained  for 
i^i^  f^a  dpmputer.  The  output  of  the  com- 
|pte^  d3i  be  a contour  map.  This  map  shows 
where  material  needs  to  be  removed  to  reduce 
the  mirror  surface  to  the  desired  shape.  In 
generating  this  data  output,  the  computer 
program  can  also  evaluate  the  surface  for 
alignment,  curvature,  astigmatism,  and 
residual  error.  From  this  residual  error,  the 
effect  oi  the  surface  on  the  transfer  function 
of  the  lens  can  be  obtained  or  a value  for  the 
root-mean-square  wavefront  error.  By 
processing  additional  data  on  scattered  light 
from  the  surface,  it  is  possible  to  obtain  a 
measure  of  the  quality  of  surface  finish. 

/Ml  of  the  test  data  can  be  used  in  con- 
structing a merit  function  to  be  corrected  by 
proper  application  of  a combination  of 
variables  or  operations  on  the  surface.  It  is  my 
opinion  that  all  of  the  required  technology 
exists,  but  the  overall  system  application  to 
the  fabrication  problem  has  yet  to  be  carried 
out. 

Finally,  the  question  remains  as  to 
whether  or  not  the  effort  to  build  this  auto- 
mated system  cf  fabrication  is  worthwhile. 
Tlie  answer,  I suggest,  is  definitely  yes.  Much 
technology  has  been  developed  in  optical 
design  and  testing  in  which  the  limitations  of 
the  process  are  not  eliminated  but  avoided 
through  proper  application^of  computer  tech- 
niques. Designing  and  testing  of  lenses  have 
surpassed  the  ability  to  manufacture.  The 
lapping  process,  or  pitch  polishing,  provides 
the  best  available  surface,  but  there  are 
problems  in  its  application  to  a systematic 
method  of  operation.  No  super  machine  will 
eliminate  these  problems,  but  they  must  be 
taken  into  account. 

A consistent  program  in  which  the  tech- 
niques developed  in  optimization  of  lens 
system  designs  are  applied  to  optimization  of 
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the  finished  surface  is  distinctly  appropriate 
at  the  present  time.  Such  a program  provides 
the  only  likely  method  of  ensuring  that  very 


high  quality  surfaces  of  the  nature  required  in 
a large  space  telescope  can  be  made  on  a 
timely  basis. 
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Materials  Considerations  for  Large  Spaceborne 
Astronomical  Telescopes 

John  B.  Schroeder 
The  Perkin-Elmer  Corporation 


Introduction 

Placing  astronomical  observatories  in 
high  earth  orbit  completely  eliminates  the 
degrading  effect  of  the  atmosphere.  This 
provides  two  invaluable  advantages  over  ter- 
restrial astronomy.  First,  because  atmospheric 
scintillation  effects  are  avoided,  the  image 
quality  will  be  detenriined  primarily  by  two 
factors:  the  figure  of  the  optics  and  the 
pointing  stability.  Second,  essentially  the 
entire  electromagnetic  spectrum  becomes 
available  for  the  observation  of  stellar  sources. 
A large  primary  mirror  will  efficiently  focus 
radiation  with  wavelengths  between  approxi- 
mately 40  nanometers  and  1 meter-a  dy- 
namic range  of  over  1 0’ ! 

Telescope  Specifications  and  Material 
Properties 

If  we  apply  the  Strehl  criteria  to  an 
astronomical  satellite,  the  optical  surface 
must  be  within  0.02X  (root-mean-squa.re 
deviation)  of  the  desired  surface  and  must 
scatter  less  than  a few  percent  of  the  incident 
energy.  Because  of  the  wavelength  depen- 
dence of  both  figure  and  scatter,  these  specifi- 
cations are  most  severe  when  applied  in  the 
vacuum  ultraviolet.  TTus  means  that  every 
point  on  the  mirror  surface  must  be  within 
1.4  nanometers  of  the  desired  geometric 
surface  in  order  to  obtain  the  desired  perfo^ 
mance. 

It  is  always  desirable  to  minimize  the 
weight  of  a space  system.  Because  the  launch 
stresses  cannot  be  allowed  to  produce  pe^ 
manent  deformation  of  the  telescope,  micro- 
yield  strength  in  metals  and  fracture  strength 


in  brittle  materials  become  a major  concern. 
On  the  other  hand,  the  forces  applied  during 
figuring  and  testing  cannot  be  allowed  to 
deform  the  mirror;  therefore,  the  stiffnes:  to- 
weight  ratio  is  also  important.  Table  1 lists 
the  pertinent  physical  properties  of  several 
materials  frequently  mentioned  as  candidates 
for  nurror  applications.  Fused  silica  and  pyrex 
are  included  in  the  table  for  comparison. 
Figure  1 shows  the  mirror  weight  for  several 
materials  as  a function  of  maximum  tensile 
stress  during  a 30-g  launch.  The  model  mirror 
used  in  the  calculations  was  a flat,  1 -meter  in 
diameter  and  supported  uniformly  about  its 
perimeter, 

This  model  is  ludicrous  in  the  sense  that 
we  could  not  begin  to  manufacture  and  test 
such  a mirror.  It  does,  however,  illustrate  very 
clearly  the  tradeoffs  among  microyield 
strength,  density,  and  weight.  Another  point 
to  recognize  is  that  lightweight  structures  may 
be  employed  to  increase  the  stiffness  during 
manufacture. 

Lightweight  structures  are  currently 
available  in  fused  silica,  ULE^^ , and 
Cer-Vit®.  Small,  monolithic,  lightweight, 
beryllium  mirrors  have  been  prepared  at 
Battelle.  It  is  apparent  that  lightwei^t  forms 
can  be  manufactured  in  any  material. 

During  operation  of  the  telescope, 
thermal  gradients  can  be  expected  to  exist  in 
the  mirror.  The  thermal  gradients  within  the 
mirror  will  depend  upon  the  target,  the  mate- 
riali,  and  design  employed  for  both  the  mirror 
and  its  mount,  as  well  as  the  satellite  power 
dissipation,  orbit,  thermal  shielding,  etc.  Even 
though  the  satellite  will  be  designed  to  pro- 
vide as  benign  an  environment  as  practical, 
the  telescope  performance  will  be  determined 


141 


142 


OPTICAL  TELESCOPE  TECHNOLOGY 


Table  1.  Physical  Properties  of  Selected  Mirror  Materials 


Material 

Melting  or 
Softening  Point 

Cc) 

Thermal-Conductivity-to- 
Thermal-Expansion  Ratio 
(watts/cmx  lO'^) 

Young’s  Modulus-to- 
Density  Ratio 
(cmxiO®) 

Aluminum 

660 

0.92 

2.73 

t (J9TC-  0 

12. 

16.6 

Cer-Vit 

1400 

60. 

3.7 

1 

Fused  Silica 

1 

1590 

i 

3. 

3.4 

1 

Pyrex  i 

820 

i 

0.7 

3.0 

Silicon 

1412 

70. 

4.9 

Titanium 

1800 

2.1 

7.8 

TZM 

2610 

7.8 

0.45 

ULE 

1425 

60. 

3.2 

ultimately  by  the  properties  of  the  mirror 
material.  The  transient  thermal  distortion  is 
proportional  to  a/D,  where  a is  the  linear 
thermal  expansion  coefficient  and  D is  the 
thermal  diffusivity.  The  steady  state  distor- 
tion depends  upon  a/«,  k being  the  thermal 
conductivity. 

An  axial  thermal  gradient  would  exist  in 
our  hypothetical  mirrors  if  1 percent  of  the 
solar  flux  passed  through  the  mirror  and  was 
removed  magically  from  the  back  surface 
without  introducing  radial  gradients.  These 
thermal  gradients  introduce  a curvature  due 
to  the  unequal  expansion  of  the  two  surfaces. 
The  sagittal  departure  from  a flat  is  given  in 
table  2.  This  oversimplified  model  illustrates 
that  thermally  induced  deformation  of  mirror 
surfaces  is  minimized  by  employing  materials 
with  a vanishing  a/«  ratio  or  a/D  ratio  for 
the  dynamic  thermal  response. 

If  the  telescope  is  to  be  applied  to  in- 
frared astronomy,  it  will  be  highly  desirable 
to  cool  the  mirror  to  cryogenic  temperatures 
to  reduce  the  noise.  This  has  an  added  advan- 
tage because  the  thermal  conductivity  of 


materials  goes  through  a maximum  in  the 
vicinity  of  10°K.  The  magnitude  of  this 
thermal  conductivity  peak  depends  upon  the 
sample  shape  and  purity;  however,  a hundred- 
fold increase  can  be  expected  for  most  mate- 
rials. The  thermal  expansion  coefficient  of 
many  materials  changes  sign  at  low  tempera- 
tures. It  will  be  necessary,  therefore,  to 
measure  the  properties  of  the  candidate 
materials  accurately  at  the  operating  tempera- 
tures. 

The  previous  comments,  in  effect,  are 
aimed  at  maintaining  the  optical  figure  of  a 
mirror.  Scattered  light  is  also  an  important 
factor,  particularly  at  short  wavelengths. 
Microroughness,  as  opposed  to  surface  figure, 
is  the  primary  source  of  scatter.  The  major 
sources  of  microroughness  are: 

1 . Inadequate  polishing  techniques 

2.  Inadequate  substrates  (multiphase, 
porous,  etc.) 

3.  Inadequate  optical  coatings. 

Care  must  be  taken  to  differentiate 
between  scatter  and  absorption.  Both  reduce 
the  reflectance  of  a surface.  Scatter  increases 
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Figure  1.  Mirror  weight  as  a function  of  maximum 
tensile  stress  during  a 30-g  launch. 


the  noise  (i.e.,  reduces  the  contrast)  in  the 
image  plane.  On  the  other  hand,  absorption 
increases  the  thermal  load  on  the  minor.  This 
difference  is  apparent  in  the  case  of 
aluminum-coated  beryllium,  where  the  reflec- 
tance at  \ = 632.8  nanometers  is  reduced  by 
approximately  4 percent  from  aluminum- 
coated  glass.  The  scattered  energy,  however, 
amounted  to  only  0.5  percent.  This  missing 
energy  apparently  was  absorbed  by  pores  in 
the  surface.  Althou^  the  reflectivity  must  be 
maximized,  there  is  the  possibility  of  selecting 
the  loss  mechanism. 

Coated  glass  optics  scatter  approxi- 
mately 0.05  percent  in  the  visible.  Some  rep- 
resentative scatter  data  are  shown  in  table  3. 


Table  2,  Sagitta  Induced  by  Conduction  of 
1.34  X 1(T^  watts/cm^  Through  a Right  Grcular 
Cylinder,  1 Meter  in  Diameter  (Thicknesses  Based 
on  Self-  Weight  Stresses  Indicated) 


Material 

Stress 

(ksi) 

Thickness 

(mm) 

Sagitta 

Oim) 

Aluminum 

0.5 

38.2 

185.0 

Beryllium 

2.0 

11.5 

14.0 

Cer-Vit 

2.0 

14.2 

2.8 

Fused  Silica 

2.0 

14.2 

58.0 

Pyrex 

2.0 

14.2 

210.0 

Silicon 

10.0 

3.3 

2.1 

Titanium 

10.0 

3.3 

81.0 

TZM 

20.0 

6.8 

22.0 

ULE 

2.0 

14.2 

2.8 

In  the  critical  hard  ultraviolet,  there  is  a com- 
plete paucity  of  data. 

In  connection  with  scatter,  it  should  be 
pointed  out  that  there  is  a need  for  good 
optical  coatings  in  both  the  ultraviolet  and 
infrared.  The  problem  is  primarily  due  to  a 
lack  of  materials  and  data  on  materials.  This  is 
an  area  that  deserves  a great  deal  of  develop- 
mental effort. 

In  selecting  the  mirror  trihterial,  two 
ratios  are  of  prime  concern;  stiffness  to 
weight  and  thermal  conductivity  to  thermal 
expansion.  Table  4 ranks  the  leading  candi- 
dates according  to  these  two  criteria  and  the 
optical  scatter  as  well.  The  data  presented  in 
table  4 indicate  the  dilemma  is  in  selecting  the 
material  becaase  a different  material  is 
superior  for  each  criterion. 

Beyond  these  readily  measurable  proper- 
ties, the  temporal  stability  and  availability  are 
dominant  considerations. 
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Table  3.  Scatter  Measurements 


Material 

Percent  Scatter 

L = 632.8  nm 

X = 0.19nni 

Cer-Vit 

0.11 

20.0 

Fused  Silica/ 
ULE 

0.05 

9.0 

Silicon 

15.0 

Beryllium 

0.5 

30,0 

Table  4.  Ranking  of  Materials  by  Criteria 


1 . Ratio  of  Stiffness  to  Weight 

Beryllium 

Silicon 

Cer-Vit 

ULE 

2.  Ratio  of  Thermed  Conductivity 

to  Thermal  Expandon 

Silicon 

ULE 

Cer-Vit 

Beryllium 

3.  Scatter 

ULE/Fused  Silica 
Cer-Vit 
Silicon 
Beryllium 


Temporal  Stability 

Temporal  dimensional  stability  is  prob- 
ably the  least  understood  requisite  property 
for  a space  mirror.  Sources  of  dimension^ 
instability  are: 

1 . Relaxation  of  residual  stresses 

2.  Phase  changes 

3.  Anisotropic  properties  within  poly- 
crystalline bodies 

4.  Chemical  gradients 

5.  Physical  property  gradients 

6.  In-orbit  changes  in  physical  prope^ 
ties. 


The  categories  in  this  list  are  broad 
enough  to  encompass  all  forms  of  dimensional 
change;  however,  the  concern  in  the  first  five 
categories  is  actually  with  inhomogeneous 
behavior.  Uniform  changes  in  dimensions  are 
manifested  as  focal  shifts  that  may  be  readily 
corrected. 

Because  sources  of  energy  to  activate 
dimensional  changes,  such  as  applied 
mechanical  stresses,  thermal  gradients,  and 
ionizing  radiation,  will  be  inhomogeneously 
distributed  throughout  the  mirror  volume,  the 
sources  of  dimensional  instability  must  be 
minimized  rather  than  homogenized.  There- 
fore, from  a dimensional  stability  point  of 
view,  it  appears  that  pure,  thermodynamically 
stable,  stress-free,  isotropic,  and  refractory 
materials  are  desired.  The  last  item  on  this  list 
is  not  commonly  considered  an  important 
factor,  but  it  can  be  a useful  indicator.  The 
melting  temperature  is  one  of  the  first  proper- 
ties to  be  determined  when  a new  compound 
is  discovered.  Such  properties  as  recrystalliza- 
tion temperature  and  activation  energy  for 
self-diffusion  are  usually  proportional  to  the 
melting  temperature;  hence,  refractory  mate- 
rials should  be  more  stable. 

At  Pcrkin-Elmer,  we  have  been  studying 
the  temporal  stability  of  mirror  materials. 
This  program  has  included  very  close  liaison 
with  the  materials  manufacturers  to  insure 
that  the  complete  sample  history  is  recorded. 
The  purpose  of  the  program  is  to  measure 
very  accurately  the  changes  in  dimension  and 
to  attempt  to  identify  and  to  eliminate  the 
sources  of  instability.  Examples  of  this  detec- 
tive work  are  described  in  papers  by  R.  E. 
Malinger  and  J.  W.  Moberly. 

The  data  to  be  reported  are  obtained 
with  an  interferometer  developed  as  part  of 
this  program  Samples  4.2  inches  (106  mm)  in 
diameter  are  placed  in  a closed-loop,  servo- 
stabilized  Fizeau  interferometer.  Fringe  posi- 
tions are  read  on  40  or  more  equally  spaced 
scans.  The  resulting  300  or  more  data  points 
are  used  to  compute  the  best  fitting  (root- 
mean-square  criterion)  plane  and  the  depa^ 
ture  at  each  data  point.  The  data  acquisition 
and  reduction  is  good  to  at  least  X/300,  and 
the  reproducibility  is  X/ISOO.  This  means  that 
the  results  of  a 4-week  test  are  accurate  to 
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Table  5.  Stability  of  Selected  Materials 


Material 

Thermal  Stability* 
(nm/“C) 

Temporal 

Stability* 

(nm/year) 

Fused  Silica 

0.019  to  0.082 

23  to  50 

Cer-Vit 

0.024  to  0.076 

17 

ULE 

0.040  to  0.070 

32  to  38 

Beryllium 

Beryllium 

Oxide 

0.64  to  7.4 
0.019 

40  to  600 

Silicon  ' 

0.019 

- 

^Reported  as  the  change  of  rms  figure 


better  than  40  nanometers  per  year.  Improved 
precision  is  available  by  increasing  the  obser- 
vational period. 

Twelve  samples  are  stored  in  the  instru- 
ment and  thermostated  to  ±0.01°C.  The 
samples  are  positioned  under  the  reference 
several  times  a week,  and  interferograms  are 
taken.  Test  cycles  have  been  continued  for  up 
to  8 weeks. 

In  order  to  condense  the  massive  amount 
of  data  into  a presentable  form,  table  5 lists 
the  change  in  rms  figure  in  units  of  nan- 
ometers per  year.  A variety  of  sample  types 
are  shown.  The  range  of  measured  values 
indicates  the  best  and  worst  samples  tested 
thus  far.  The  spread  in  the  results  on  beryl- 
lium reflects  the  improvement  we  have 
attained  in  sample  preparation. 

A great  volume  of  sample  history  can  be 
found  in  the  ARP  A Report  (2nd  Annual 
Technical  Report,  Perkin-Elmer  No.  9383; 
AD  No.  842356).  The  results  may  be  sum- 
marized: 

1 . The  instability  observed  in  the 
dielectric  materials  is  within  a factor  of  two 
of  the  instrument  limit. 

2.  Kanigen-coated  beryllium  is  un- 
stable. 

3.  Properly  made  beryllium  appears  to 
be  stable  enough  for  consideration. 


4.  Preliminary  measurements  on  silicon 
and  beryllium  oxide  indicate  that  these  mate- 
rials are  also  stable. 

The  reason  for  testing  numerous  small 
samples  was  to  accumulate  data  on  a variety 
of  sample  materials  and  fabrication  tech- 
niques. The  results  to  date  have  been  very 
gratifying;  however,  the  question  of  scaling 
mi  st  be  considered  unresolved.  It  is  apparent 
that  the  maintenance  of  a precisely  controlled 
environment  becomes  more  difficult  as  the 
volume  increases.  Therefore,  we  feel  strongly 
that,  after  incorporating  our  current  findings 
into  the  manufacturing  process,  it  will  still  be 
necessary  to  test  large  samples  for  temporal 
stability  prior  to  finalizing  the  design  of  a 
large,  orbiting,  astronomical  telescope. 

In  orbit,  dimensional  changes  must  be 
considered  to  insure  a long,  operational  life. 
An  obvious,  but  not  fully  studied,  source  of 
damage  is  ionizing  radiation.  The  dose  rate  is 
very  orbit-dependent.  Even  with  elaborate 
shielding,  the  optics  will  receive  a significant 
gamma  dose.  In  addition,  the  first  surface  will 
be  exposed  to  protons,  electrons,  and  the 
entire  electromagnetic  spectrum. 

What  we  know  about  the  effects  of 
ionizing  radiation  on  optical  materials  can  be 
briefly  summarized.  Neutron,  proton,  and 
heavy  ion  bombardment  are  known  to  pro- 
duce significant  changes  in  the  physical 
properties  of  fused  silica  (including  density 
and  index  of  refraction).  A saturation  dose  of 
4x  10*®  ncutrons/cm^  increases  the  density 
of  fused  silica  by  2 percent.  In  space,  a diverse 
spectra  of  electron  and  proton  energies  is 
encountered,  ranging  from  a few  keV  to 
hundreds  of  MeV.  The  protons  will  be 
stopped  by  tens  of  millimeters  of  material. 
Electrons  of  the  same  energy  penetrate  at 
least  an  order  of  magnitude  further  into 
matter  and  produce  large  quantities  of 
bremsstrahlung  radiation.  Because  the  high 
energy  bremsstrahlung  is  so  penetrating,  the 
entire  vehicle  will  be  exposed  to  a fairly 
uniform  dose  of  gamma  rays.  The  particle 
flux  is  very  altitude-dependent.  On  the  other 
hand,  if  an  orbit  is  selected  to  avoid  the  Van 
Allen  belts,  the  low-energj'  solar  electron  flux 
is  on  the  order  of  10‘*/m*/sec;  hence,  the 
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annual  gamma  dose  will  be  on  the  order  of 
10*  ^ rads  per  year. 

Since  an  axial  proton-and-electron-dose 
gradient  will  be  produced  in  the  primary 
mirror,  a change  in  the  surface  curvature  can 
be  anticipated.  Presumably  the  same  effects 
will  be  found  in  other  materials  as  they  are 
measured. 

Although  this  conference  is  concerned 
with  the  reflecting  telescopes,  radiation 
effects  in  transparent  materials  (corrector 
plates,  alignment  telescopes,  etc.)  should  be 
mentioned.  Figure  2 shows  the  radiation- 
induced  absorption  at  a wavelength  of  500 
nanometers  for  several  optical  glasses  as  a 
function  of  x-ray  dose.  Figure  3 presents  the 
change  in  index  as  a function  of  dose  for  the 
same  glasses.  Some  glasses  do  show  a measur- 
able change  in  properties  for  very  low  doses. 

Manufacturing  Status 

Mirrors  in  excess  of  150  inches  (3.8 
meters)  have  been  manufactured  from  fused 


silica,  and  comparably  sized  Cer-Vit  mirrors 
are  currently  being  heat-treated.  This  can  be 
taken  as  ptirm  facie  evidence  that  the 
manufacturing  technology  is  available  to 
prepare  large,  dielectric,  mirror  blanxs.  It 
must  be  remembered,  however,  that  no  homo- 
geneity data  of  the  required  sensitivity  exist 
on  such  massive  pieces  of  material.  There  are 
also  other  areas  of  concern,  paiticularly  the 
polishing,  testing,  and  dimensional  stability  of 
such  a large  mirror. 

The  reason  for  these  uncertainties  is  the 
lack  of  experience.  No  diffraction-limited 
mirrors  of  this  size  have  ever  been  made.  In 
fact,  there  is  no  test  facility  capable  of  testing 
such  a mirror.  The  reference  mirror  for  the 
100-inch  (2.5-meter)  test  facility  at  Wright- 
Patterson  Air  Force  Base  has  just  been  tested 
by  several  groups  and  found  to  be  0.3X 
astigmatic.  (The  details  of  this  test  are  pre- 
sented in  the  paper  by  W.  Pershing.)  Repeated 
testing  of  this  mirror  in  vacuum  can  provide 
some  of  the  accurate  temporal-stability  data 
needed  on  large  samples.  Additional  data  can 
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be  obtained  by  repeated  testing  of  mirrors  for 
the  Orbiting  Astronomical  Observatory 
(OAO)  and  Apollo  Telescope  Mount  (ATM) 
programs. 

The  situation  is  even  less  satisfactory 
with  the  other  materials.  Stable  beryllium 
mirrors  can  be  manufactured  in  sizes  up  to 
approximately  20  inches  (0.5  meter),  and 
silicon  samples  up  to  12  inches  (0.3  meter) 
have  been  prepared.  Very  extensive  develop- 
ment is  required  before  beryllium  and/or 
silicon  mirrors  1 to  3 meters  in  diameter  can 
be  manufactured.  The  earlier  remarks  about 
testing  would  also  apply  to  these  mirrors. 

Beryllium  oxide  has  a favorable  combi- 
nation of  physical  properties  for  mirror 
applications.  Unfortunately,  commercial 
manufacturing  practice  yields  low  density 
(96  percent)  and  hence  poor  reflectivity. 
Translucent  beiyllium  oxide  has  been  pro- 
duced in  the  laboratory  in  small  samples.  A 
very  considerable  amount  of  binder  is  added 
to  the  translucent  material;  this  may  detract 
from  the  dimensional  stability. 


Materials  Technology  Development  Required 
Prior  to  Orbiting  a Large  Astronomical 
Telescope 

At  this  point  in  time,  it  is  tempting  to 
assume  that  there  will  be  several  orbiting 
observatories,  each  with  its  own  prime 
mission,  such  as  solar  obser\’ation,  survey  of 
the  universe,  etc.  Witii  this  philosophy,  we 
can  say  with  safety  that  optical  figure  and 
dimensional  stability  will  be  the  primuiy  tech- 
nical objectives  of  the  designers,  with  weight 
and  thermal  response  alternating  between 
second  and  third  in  prionty. 

Because  of  the  massive  development  re- 
quired to  perfect  the  manufacturing  process 
and  control  for  any  material,  the  number  of 
candidates  should  be  limited  as  rapidly  as 
possible.  At  this  time,  1 feel  that  we  have  four 
candidates:  beryllium,  silicon,  Cer-Vit,  and 
ULE.  In  some  ways,  this  is  a very  uneven 
competition.  Although  the  military  and  space 
programs  have  prompted  the  rapid  develop- 
ment of  beryllium  technology,  new  facilities 
will  be  required  to  manufacture  large  mirrors. 


Figure  3.  Change  in  index  as  a function  of  radiation  dose  for  various  opticai  giasset 
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The  semiconductor  application  of  silicon  has 
made  it  one  of  the  best  understood  materials 
known  to  man.  Again,  manufacturing  tech- 
niques must  be  developed  before  large  mirrors 
can  be  prepared.  The  manufacturing  tech- 
nology of  the  new  dielectric  materials  is  in 
much  better  shape.  On  the  other  hand,  the 
“unavailable”  materials  appear  to  be  superior 
to  the  new  dielectrics.  This  impasse  can  be 
broken  by  the  following  steps: 

1 . Measure  the  effect  of  ionization  radi- 
ation on  the  dimensional  stability  of  small 
samples  of  all  four  materials. 

2.  Extend  the  dimensional  stability 
measurements  to  cryogenic  temperatures. 

3.  After  a period  of  scale-up,  measure 
the  dimensional  stability  of  several  fairly  large 
mirrors  of  each  material  that  passed  the  radia- 
tion test. 

St<!p  3 is  time-consuming  and  expensive, 
but  the  penalty  for  not  employing  the  best 
material  is  incalculable.  If  the  mirror  is  un- 
necessarily heavy,  some  instruments  will  be 
omitted:,  and  some  astronomical  data  will 
remain  uncollected.  Conversely,  if  the  figure 


of  the  mirror  changes  drastically  within  a 
short  period  of  time,  the  telescope  will 
become  more  or  less  useless. 

Mirrors  in  the  1 -meter-diameter  range 
could  be  manufactured  from  each  material, 
mounted  on  a standard  mount,  tested, 
employed  by  astronomers  in  the  mount,  and 
retested  at  intervals.  This  sequence  is  sug- 
gested because  the  mirrors  will  be  of  better 
quality  than  terrestial  observatories  can  utilize 
and  because  test  facilities  are  expensive. 

A parallel  effort  during  this  time  period 
should  be  the  optimization  of  the  design  for 
the  mirror  and  mount.  A continuing  dialogue 
between  the  numerous  technical  disciplines  is 
essential  throughout  this  development  phase. 
Such  a dialogue  is  justifiable  for,  if  the  system 
planners  elect  to  use  a cold  mirror  without 
informing  the  materials  people,  the  radiation 
and  stability  measurements  will  be  made  in- 
correctly. 

With  careful  planning  and  development, 
I feel  that  large,  dimensionally  stable, 
diffraction-limited  optics  can  be  placed  in 
orbit. 
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Problems  in  Adapting  Small 
Mirror  Fabrication  Technique.-*  to  l.arge  Mi/rors 

Howard  D.  H,'.  i 
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Introduction 

More  mirrors  over  100  inches  in  diam- 
eter are  currently  being  fabricated  or  planned 
than  have  been  completed  to  date.  As  a result, 
there  is  a shortage  of  experienced  personnel 
available  to  fabricate  these  pieces,  which  must 
necessarily  be  worked  by  people  whose  ex- 
perience has  been  limited  to  smaller  sizes. 
Difficulties  can  occur  when  tools  and  tech- 
niques that  have  been  proven  for  smaller 
ndiTors,  40  to  60  inches  in  diameter,  are  used 
to  fabricate  large  mirrors.  Therefore,  1 will 
discuss  some  of  the  problems  we  at  Pecker 
Systems  Division  have  encountered  in  this 
area  and  some  of  our  solutions  to  these 
problems.  I would  be  less  than  honest  if  I 
claimed  these  are  the  right  answers,  for 
optical  fabrication  techniques  vary  greatly 
from  optical  shop  to  optical  shop  and 
between  individuals  in  the  same  shop.  Fur- 
thermore, 1 am  limited  to  the  problems  that 
we  have  actually  encountered  and  to  the 
solutions  and  rules  of  thumb  that  have 
worked  for  us. 

Microripple 

The  first  problem  that  occurs  in  working 
large  mirrors  is  the  decrease  in  the  size  of  the 
allowable  slope  errors.  A 4-inch-diameter 
mirror  can  resolve  1 arc  second,  and  slope  of 
1/4  of  an  arc  second  should  not  detract 
appreciably  from  its  performance.  A 100-inch 
diameter  mirror  can  resolve  1/25  of  an  arc 
second,  and  slope  erron.  must  be  limited  to 
1/100  of  an  arc  second  to  utilize  it  to  its 
fullest.  Thus,  the  larger  the  mirror  (everything 
else  being  equal),  the  more  carefully  it  must 


be  fabricated  and  tested.  Not  only  must  zonal 
irregularities  be  virtually  eliminated,  but  also 
the  “texture”  or  microripple  produced  in  the 
mirror’s  surface  by  the  polisher  must  be  con- 
trolled. This  microripple  may  br  virtually 
invisible  to  both  knife-edge  and  inter- 
ferometric testing,  but  it  causes  light  to  fall 
outside  the  predicted  blur  circle.  The  appear- 
ance and  degree  of  this  microripple  depends 
on  polishing  pitch  hardness,  polishing  com- 
pound, size  and  configuration  of  the  facets  in 
the  polishing  surface,  polishing  pressure, 
velocity  of  the  polishing  tool  relative  to  the 
workpiece,  the  speed  and  asphericity  of  the 
mirror,  and  the  size  of  the  polisliing  tool 
relative  to  the  mirror.  Although  very  little 
work  has  been  done  concerning  the  control  of 
microripple,  it  appears  that  large  polishers, 
large  but  unequally  sized  facets,  soft  polishing 
pitch,  light  polishing  pressure,  and  slow 
polishing  speed  tend  to  minimize  or  eliminate 
microripple.  The  degree  to  which  any  mea- 
sures may  be  pursued  is  limited  by  other 
considerations.  For  example,  polishing  pitch 
soft  enough  to  completely  eliminate  micro- 
ripple may  cause  an  unacceptable  “roll-off’  at 
the  edge  of  the  mirror;  extremely  large  facets 
may  cause  an  unacceptable  increase  in  “cold- 
pressing” periods.  If,  however,  care  is  taken, 
techniques  can  be  found  that  suppress  micro- 
ripple wldle  allowing  the  minor  to  be  flgured. 

Compliance 

The  compliance  or  lack  of  stiffness  of 
large  mirrors  causes  many  difficulties  unless 
carefully  considered.  The  compliance  of  a 
mirror  varies  as  the  square  of  the  diameter  for 
a fixed  diameter-to-thickness  ratio.  A 
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100-inch-diameter  mirror  that  is  12  inches 
thick  is  equivalent  to  a 40-inch  diameter 
mirror  approximately  2 inches  thick.  Most 
opticians  would  consider  the  larger,  thicker 
mirror  less  demanding  and  the  thinner, 
smaller  mirror  more  of  a challenge  althougli 
the  two  are  equivalent.  The  problem  of  the 
compliance  of  larger  mirrors  can  be  solved 
easily  by  a well-designed  conservative  support 
system.  We  use  a relatively  simple  relationship 
for  determining  the  number  of  supports 
required.  Although  the  derivation  of  this 
relationship  is  .>ot  rigorous,  it  has  proved  to 
be  satisfactory  for  a variety  of  pieces,  ranging 
from  40  inches  in  diameter  by  4 inches  thick, 
to  a mirror  80  inches  in  diameter  by  3 inches 
thick,  to  a mirror  1 03  inches  in  diameter  by 
12  inches  thick.  The  number  of  support 
points  is: 
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where  N = Number  of  support  points 

r = Semi-diameter  of  the  mirror  in 
inches 

E = Young’s  Modulus  in  pounds  per 
square  inch 

<h=  Quality  of  the  mirror  in  allowable 
surface  deformation  in  inches 

p - Density  in  pounds  per  cubic  inch 

t = Thickness  in  inches 

(For\/20,  ♦=  1 X l(T*inches) 

For  X/20,  has  the  following  values; 

lev 


Material  J— 


Cer-Vit'* 


0.0798 


Aluminium 


Fuzed  Silica 


Pyrex,  E-3,  and 
Duran-50 


0.099 


0.099 


0.0H7 


0.093 


It  should  be  noted  that  these  are  the  number 
of  points  necessary  to  support  only  the  mirror 
itself,  not  the  minor  and  polishing  tools.  The 
number  of  suppv  t points  must  be  increased 
depending  upon  the  weight  and  stiffness  of 
the  polishing  tools. 

A great  variety  of  systems  have  been 
succes.«fully  used  to  support  mirrors,  in- 
cluding carpeting,  toam  rubber,  and  even 
kinematic  devices.  Large  mirrors  deserve 
supports  more  sophisticated  than  foam 
rubber,  but  kinematic  systena  become 
cumbersome.  Figures  1 and  2 show  a support 
system  used  extensively  at  Pecker  for  a 
variety  of  v,ork  pieces.  Each  support  is  a 
mechanical  spring  that  has  been  individually 
calibrated  and  cut  to  length  to  ensure  uni- 
formity from  point  to  point.  Each  spring  is 
permanently  attached  to  the  table  o!  the 
polishing  machine. 

To  prevent  the  mirror  from  rocking  as 
the  polisher  moves  over  the  mirror,  some  (or 


Ber>'llium  0.040 


figure  1.  Uncovered  view  of  individual  pitch-spring. 
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Figure  2.  View  of  pitch-springs  permanently 
attached  to  table  of  polishing  tnachine. 


all)  of  the  springs  are  damped  by  submersion 
in  very  soft  pitch.  A cross-section  of  such  an 
assembly  is  shown  in  figure  3. 


Figure  3.  Cross-section  of  pitch-spring  support. 


Grinding  and  Polishing  Tools 

The  compliance  of  both  grinding  and 
polishing  tools  varies  in  much  the  same  way  as 
the  miiTor  itself.  If  a simple  ribbed  casting  is 
scaled,  the  compliance  varies  as  the  square  of 
the  diameter  and  the  unit  pressure  exerted 
upon  the  workpiece  by  the  polishe.  varies 
directly  with  diameter.  Thus,  a large,  com- 
pliant, polishing  tool  will  flex  and  deform 
when  overhant  'ng  the  mirror  in  an  unex- 


pected and  somewhat  unpredictable  manner. 
The  effects  produced  by  such  a tool  are 
similarly  unexpected  and  unp^^edictable.  In 
addition,  a compliant  tool  will  tend  to  con- 
form to  the  surface  of  the  mirror  and  will  not 
remove  cylinder  or  astiginatism.  If  a large  tool 
is  designed  so  as  to  maintain  stiffness,  it  must 
necessarily  become  heavy  and  thus  further 
increases  the  pressure  between  ^he  polishing 
tool  and  the  mirror.  There  seems  to  be  little 
choice  in  designing,  polishing,  or  grinding 
tools  for  a large  mirror;  if  they  are  to  work  in 
a predictable  manner  and  are  to  produce  a 
regular  surface,  they  must  be  stiff.  The 
resulting  increase  in  polishing  pressure,  how- 
ever, must  be  compensatea.  This  has  been 
done  most  frequently  by  counterbalancing 
the  tool.  An  alternate  approach  has  been  used 
successfully  at  Pecker.  This  is  a stiff,  light- 
weight tool  fabricated  from  two  plates  and  a 
honeycomb  core.  These  three  pieces  are 
joined  together  by  epoxy.  The  resulting  tool 
can  be  sufficiently  stiff  to  be  predictable  yet 
light  enougl.  to  need  no  counterbalancing.  We 
have  used  such  tools  up  to  1 00  inches  in 
diameter.  Such  a tool  is  shown  in  figures  4 
and  5. 

Difficulties  also  occur  in  the  reduction 
of  a high  intermediate  zone  on  a large  mirror. 
With  small  mirrors,  the  optician  may  simply 
alter  the  shape  of  the  polishing  tool,  scraping 
away  the  pitch  Pom  the  areas  corresponding 
to  low  zones  ir..'’  leaving  a high  area  cor- 
responding to  ilio  high  area  to  be  removed. 


figure  4.  Honeycomb  toed,  used  without  counterbal- 
ancing. 
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Figure  5.  Honeycomb  tool  showing  honeycomb  core. 

The  reduction  in  area  of  the  polishing  tool 
causes  an  increase  in  polishing  pressure,  but 
with  small  mirrors  little  difficulty  is  en- 
countered. With  large  mirrors,  the  polishing 
pressure  is  generally  high  to  begin  with,  and 
the  reduction  in  area  causes  an  unacceptable 
increase  in  polishing  pressure.  We  have  chosen 
to  correct  this  difficulty  by  using  ring 
polishers  rather  than  by  using  a variable 
counterbalancing  system.  Figures  6 and  7 
show  a “family”  of  such  tools  and  their 
driving  spider.  This  type  of  tool  has  proved 
extremely  useful  in  working  mirrors  very  fast. 
A single  zone  can  be  vigorously  polished  while 
maintaining  circular  symmetry. 

These  are  some  of  the  problems  that 
occur  when  tools  and  techniques  that  have 
been  used  for  small  mirrors  are  duplicated  to 
fabricate  large  mirrors.  I hope  that  this 


presentation  of  some  of  Pecker’s  solutions  to 
these  problems  will  be  useful  both  in  appli- 
cation and  in  stimulating  the  development  of 
other  new  techniques. 


Figure  6.  Family  of  ring  tools. 


Figure  7.  Ring-driving  spkler. 
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Introduction 

The  classic  f/5  primary  mirror  for  large 
astronomical  systems  is  becoming  a thing  of 
the  past.  Designers  are  beginning  to  choose 
faster  f-ratios  for  their  optical  telescopes. 
These  optical  systems  are  more  efficient;  their 
telescope  mounts  and  housing  costs  are  much 
lower  for  equal  diameters  of  primary  mirrors. 
As  we  gain  in  this  direction,  however,  we 
seem  to  lose  in  optical  performance.  As  the 
f-ratio  becomes  faster,  we  find  that  both 
primary  and  secondary  mirrors  take  con- 
siderably  longer  to  aspherize,  thus  requiring 
more  skill  on  the  part  of  the  optician  to 
produce  a surface  that  will  form  images 
compatible  with  the  computer  ray  traces. 

The  main  difficulty  in  making  long-focal- 
length  mirrors  seems  to  be  in  maintaining  a 
symmetrical  figure.  With  the  faster  mirrors, 
there  is  a greater  problem  in  maintaining 
circular  symmetry  because  the  aspherizing 
requires  a greater  removal  of  glass,  thereby 
increasing  the  “washboard”  effect.  There  is 
also  the  problem  of  removing  zones  that  are 
produced  on  the  surface  with  the  small  tools 
used  for  the  aspherizing.  A typical  size  for  a 
polishing  tool  that  would  be  used  to  smooth  a 
72-inch,  f/4.2  mirror  would  be  in  the  order  of 
21  inches  in  diameter.  In  comparison,  the  tool 
to  do  the  same  job  on  a 90-inch  f/2.7  mirror 
would  be  8 inches  in  diameter. 

It  is  quite  obvious  that  the  burden  of 
producing  a good,  fast  f-ratio  mirror  is  placed 
upon  the  optician.  Very  little  communication 
has  taken  place  between  opticians  who  have 
produced  large  optical  systems.  It  is  difficult 
to  say  whether  or  not  it  is  because  each  tries 
to  protect  the  secrets  that  have  taken  him 


years  to  develop.  There  has  been  a gradual 
conveyance  of  ideas,  usually  occurring 
through  either  department  heads  or  directors 
who  seem  to  have  many  of  the  facts,  but  this 
is  a poor  substitute  for  the  man  who  is  really 
doing  the  work  and  who  is  faced  with  this 
problem  from  the  beginning  of  the  job  to  its 
completion.  A willingness  to  exchange  ideas 
and  discuss  problems  could  separate  good 
techniques  from  some  of  the  “old  standby” 
methods,  many  of  which  need  to  be  rt  dewed. 
This  could  improve  the  state-of-the-art  con- 
siderably. 

Analysis  of  one  of  the  knife-edge  photos 
of  one  of  the  major  astronomical  mirrors  in 
use  today  reveals  that  much  of  the  surface 
roughness  (orange  peel)  can  be  attributed  to 
the  technique  used  by  the  opticians.  It  was 
very  popular  to  use  small  cork  tools  for 
removing  small  splotchy  zones  on  some  of  the 
large  mirrors  made  in  the  past.  Many  of  the 
optical  machines  today  are  designed  to  drive 
full-sized  tools,  which  are  usually  very  heavy 
and  require  a good  deal  of  force  to  move 
around  on  the  face  of  the  mirror.  This  same 
machinery  can  also  be  used  to  drive  the  small 
polisher.  The  loading,  which  is  approximately 
I/S  pound  per  square  inch  on  the  full-sized 
tool,  will  often  increase  to  7 pounds  or  more 
per  square  inch  on  the  sub-sized  tool.  This 
removes  glass  very  rapidly,  generating  quite  a 
bit  of  heat,  with  a scrubbing  effect  that  will 
cause  an  orange  peel  surface. 

This  report  includes  a number  of 
foucaultgrams  with  comments  on  various 
large  astronomical  mirrors.  Because  it  is 
impossible  to  pinpoint  the  reasons  why  many 
of  the  mirrors  are  rough  or  slightly  warped, 
they  are  presented  to  stimulate  thinking  on 
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tlie  problems  of  surface  generation  and  astigmatism  and  smoothing  out  the  wash- 

smoothness. Also  included  in  this  report  are  board  effect, 
pictures  of  spherical  mirrors  that  illustrate  the 

surface  that  we  would  like  to  obtain  in  large  200‘InclL  f/3,3,  Pyrex 
aspheric  mirrors.  The  final  series  of  photo- 

gt;aphs  deals  with  a technique  that  was  Final  testing  on  this  mirror  (fig.  1)  was 

deyelop^cl  by^  6pti'cai  Sciences  Center  of  accomplished  in  the  telescope.  Photographs  A 
the  IJnivetsitV*  <5f  {i^rizb^  for  removing  and  B have  short  exposure,  thus  revealing 


Figure  L Foucaultgram  of  Palontar  Obsetvatory,  200-irtch  (508-cmf  fjSJ,  Pyrex  mirror,  1948.  (Courtesy 
of  I.  S.  Bowen,  Mt.  Wilson  and  Palomar  Observatories.) 


FOUCAULTGR^MS  OF  MIRROR  SURFACES 
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seeing  conditions  in  the  telescope.  In  photo- 
graphs C and  D,  which  have  a long  exposure, 
seeing  conditions  are  averaged  out,  thus 
revealing  the  true  mirror  surface. 

Because  the  200-inch  mirror  is  extremely 
flexible,  astigmatism  is  reduced  to  a minimum 
through  the  use  of  the  support  system  in 
conjunction  with  the  Hartmann  tests. 

Probably  the  most  obvious  problem  on 
the  surface  of  this  mirror  is  the  rough 
appearance  (orange  peel).  A mirror  of  this 
f-ratio  was  quite  a bold  undertaking  in  its 
time,  considering  its  size  and  f-ratio. 

i 20-Inch,  f/5.0,  Pyrex 

Figure  2 i<?  an  unfinished  mirror;  the 
photograph  illustraxcs  clearly  the  problems 
confronting  Hendrix.  The  ’•emoval  of  the 
lumps  and  the  overcorrection  required  the  use 
of  many  Hartmann  plates  coordinated  with 
knife-edge  photos. 

This  mirror  was  removed  from  the 
optical  shop  and  installed  in  the  telescope  for 
these  tests.  Means  were  provided  for  testing 
the  minor  in  the  optical  shop,  but  these  were 
found  to  be  inadequate,  primarily  because  of 
the  flexure  of  the  mirror  while  being  tested 


Figure  2.  Foucaultgram  of  Lick  Observatory, 
120-inch  (305-cmJ,  f/5.0,  Pyrex  unfinished  mirror, 
1959.  (Courtesy  of  H.  R.  Cowan,  L.ck  Observa- 
tory.! 


on  edge.  (A  long,  horizontal  tunnel  was  pro- 
vided for  this  work  and  later  abandoned.) 

Figure  3 shows  the  ’•esults  of  Hendrix’ 
efforts.  The  main  problem  encountered  in 
producing  this  fine  surface  was  maintaining  a 
surface  of  revolution.  Overall,  the  aspheric  is 
very  mild  in  comparison  with  some  of  the 
new  fast  mirrors,  but  the  flexibility  of  this 
mirror  was  so  great  that  even  the  support 
blocks  on  the  polishing  machine  were  causing 
small  lumps.  These  would  be  polished  off 
during  smoothing  operations;  consequently, 
when  the  mirror  was  raised  on  its  support 
system  in  the  telescope,  these  areas  would 
show  up  as  depressions.  It  was  impossible  to 
work  the  mirror  with  its  support  system  in 
use  without  damaging  the  bearing  surfaces 
and  reducing  their  efficiency. 

After  a number  of  years  of  careful 
evaluation  and  hand-figuring,  the  mirror  was 
completed.  It  is  one  of  the  few  examples  of 
hand-correcting  an  optical  surface  of  this  size. 

82-Inch,  f/5.0,  Pyrex 


Figure  4 is  the  82-inch  McDonald;  the 
foucaultgram  is  of  the  primary  and  secondary 


Figure  3.  Foucaultgram  of  Lick  Observatory, 
120-inch  (305-cm),  f/5.0,  Pyrex  mirror,  1959. 
(Courtesy  of  H.  R.  Cowan,  Lick  Observatory.) 
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Figure  4.  Foucaultgram  of  McDonald  Observatory, 
82-inch  (208-cm),  f/5.0,  Pyrex  mitror,  1939. 
(Courtesy  of  J.  Texereau,  Sky  & Telescope,  28,  6, 
1964.) 

mirrors  tested  together.  One  of  the  problems 
with  which  the  optician  is  faced,  especially 
when  working  with  some  of  the  older 
borosilicate  glasses,  is  determining  how  much 
to  leave  the  primary  undercorrected  to 
compensate  for  falling  temperature  conditions 
in  the  telescope.  In  the  higher  expansion 
glasses,  the  perfectly  corrected  mirror, 
especially  in  the  thick,  solid  type,  will  usually 
appear  overcorrected  throughout  most  of  the 
best  viewing  hours.  In  addition,  there  is  the 
problem  of  not  knowing  exactly  what  the 
support  system  will  do  to  the  mirror  when  it 
is  installed  in  the  telescope,  since  most  of  the 
astronomical  mirrors  are  not  made  on  their 
support  systems  in  the  optical  shop. 

82-Inch,  f/4.0,  Pyrex 

Figure  5 shows  the  82-inch  mirror  after 
Texereau  accomplished  his  work  on  reflguring 
the  secondary  to  match  the  primary  mirror. 

193-Centimeter  (77-Inch),  f/5.0,  Plate  Glass 

Figure  6 is  a 77-inch  minor  of  plate 

glass. 


Figure  5.  Foucaultgram  of  McDonald  Observatory, 
82-inch  (208-cm),  fj4.0,  Pyrex  mirror,  1939. 
(Courtesy  of  J.  Texereau.  Sky  & Telescope,  28,  6, 
1964.) 

84-Inch.  Spherical  Surface 

Before  the  84-inch  mirror  was  aspher- 
ized,  it  was  considered  wise  to  polish  the 


Figure  6.  Foucaultgram  of  Observatoire  de  Haute 
Provence,  193-cm  (77-inch),  f/S.O,  glass  mirror, 
1958.  (Courtesy  ofJ.  Texereau,  Sky  &.  Telescope, 
28, 345, 1964.) 
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mirror  to  a sphere  to  see  if  there  was  any 
detectable  astigmatism.  We  used  a full-sized 
tool,  which  weighed  in  the  order  of  2000 
pounds,  covered  with  a very  soft  polishing 
pitch  about  1 /2-inch  thick.  Since  this  was  just 
to  get  the  surface  polished  out,  we  used  an 
unmilled  Darnesite  polishing  agent.  Figure  7 
shows  the  surface  it  produced,  which  we 
found  very  interesting.  As  a result  of  this 
experience,  we  decided  not  to  use  the  same 
combination  of  pitch  and  polishing  agent  for 
our  final  smoothing  work. 

After  the  mirror  was  polished  out,  we 
carried  on  to  a spherical  surface  by  using  a 
harder  pitch  and  milled  rouge.  The  very 
smooth  surface  that  was  produced  is  good 
evidence  to  substantiate  the  need  for  tech- 
nique research. 


Figure  7.  Foucaultgram  of  84-inch  sphaical  surface. 


84-Inch,  f/2.6,  Pyrex 

Figure  8 shows  the  84-inch  inirror  at 
various  stages  of  work,  as  photographed 
through  the  nail  tester.  The  null  tester  seemed 
to  be  very  helpful  in  achieving  surface 
smoothness.  It  revealed  all  the  small  defects, 
but  it  seemed  to  overlook  some  of  the  larger 
slope  problems. 

The  mirror  looked  quite  symmetrical 
through  the  null  lens  but  showed  some 
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astigmatism  when  tested  in  the  telescope. 
Since  the  null  lens  has  to  be  collimated  when 
in  use,  it  is  easy  to  collimate  out  astigmatism 
and  to  proceed  with  the  work  without  ever 
knowing  this  until  the  final  testing  in  the 
telescope. 

Figure  9 is  a foucat’  tgiaiii,  taken  in  the 
telescope,  which  snows  up  surface  deforma- 
tions that  were  not  detectable  in  the  shop. 
Zonally,  <^he  mirror  at -pears  about  the  same. 

H:  'mann  photographs  are  taken  in  the 
telesc*  and  then  plotted  to  give  the  size  of 
the  ge  and  light  concentration  in  the 
image  These  Hartmann  profiles,  in  figure  1 0, 
are  helpful  in  deten';'*iing  astigmatism  and 
correction,  but  cr>e:  > not  tell  much  about 

the  smoothness  of  ♦he  mirror.  Hartmann 
numbers  are  raw  numbers;  they  often  do  not 
reflect  the  quality  of  the  optic. 

36-Inch,  f/3.5,  Pyrex 

Even  at  f/3.5,  smoothness  is  not  a great 
problem  (fig.  1 1).  There  are  a few  concentric 
zones,  probably  in  the  order  of  about  X/15, 
which  are  not  as  noticeable  as  the  1-1/2  wave- 
lengths of  astigmatism. 

72-Inch,  f/4.2,  Duran  50 

The  72-inch  mirror  in  figure  12  appears 
to  be  quite  smooth,  both  in  tests  in  the 
optical  shop  and  tests  in  the  telescope. 
Because  of  the  mild  aspheric  curve, 
parabolizing  was  accomplished  in  approxi- 
mately three  weeks  with  a half-sized  tool. 
Upon  completio.  of  this  work,  there  were 
only  a few  minor  ring  zones  to  lemove.  One  is 
slightly  noticeable  8 inches  from  the  edge.  It 
is  estimated  that  this  zone  is  probably  in  the 
order  of  X/20. 

The  appearance  of  this  mirror  in  the 
shop  resemblea  that  of  a good  sphere. 
Probably  the  biggest  problem  in  making  this 
mirror  was  astigmatism.  Since  the  mirror  was 
tested  on  edge,  it  was  hard  lO  be  sure  whether 
the  sag  from  the  edge  support  was  mirror 
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Figure  8.  Foucaultpam  ofKitt  Peak  Observatory,  84-inch  (213-cm),  f!2.6,  Pyrex  mirror,  1961. 
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Figure  IL  Foucauitgram  of  36-inch,  f/15,  Pyrex 


Figure  12,  Foucauitgram  of  Lowell  Observatory, 
72-inch  (l83-cm),  f!4,2,  Duran  50  mirror,  1965. 
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droop  or  real  astigmatism.  Table  1 gives  the 
reduction  of  the  foucault  test,  the  last  column 
representing  height  in  wavelengths.  The 
uiirror  was  installed  in  the  Perkins  telescope 
and  performed  as  optical  shop  tests  had 
indicated. 

60-lnch,  f/3.3,  Pyrex 

The  foucaultgram  in  figure  13  was  taken 
through  a null  tester.  When  finished,  this 


Table  I.  Foucault  Test  of  72-inch,  f!4.2,  Duran  50 
Mirror 


No. 

Reading 

Lateral 

Displacement 

Height 

(A/ 

1 

.000 

.0000000 

2 

.013 

.0000000 

3 

.035 

.0000000 

4 

.055 

-.OOOOA 

-.0000000 

5 

.083 

-.00020 

-.0000003 

6 

.100 

-.00009 

-.0000005 

7 

.117 

.00007 

-.0000003 

8 

.144 

.00004 

-.0000003 

9 

.178 

1 -.00013 

-.0000005 

.204 

-.00005 

-.0000006 

11 

.230 

.00009 

-.0000004 

12 

.265 

.00000 

-.0000004 

13 

.301 

-.00005 

-.0000005 

14 

.337 

-.00007 

-.0000006 

15 

.371 

.00005 

-.0000006 

16 

.406 

.00021 

-.0000002 

17 

.455 

-.00012 

-.0000004 

18 

.496 

-.00006 

-.0000005 

19 

.540 

-.00007 

-.0000006 

20 

.583 

.00004 

-.0000006 

21 

.635 

-.00017 

-.0000008 

22 

.683 

-.00013 

-.0000011 

23 

.725 

-.0000006 

24 

.776 

.00038 

.0000000 

25 

.834 

.OOOiH 

.0000003 

26 

.894 

-.00006 

.0000002 

27 

.949 

.00006 

.0000003 

28 

1.005 

.00024 

.0000007 

mirror  was  quite  smooth.  By  using  equipment 
that  was  designed  for  small  tools,  we  were 
able  to  keep  the  pressure  on  the  polishing  lap 
to  approximately  1/4  pound  per  square  inch. 
We  found  that,  by  using  rouge  milled  for  100 
to  200  hours,  we  were  able  to  produce  a 
surface  that  was  very  smooth  and  scattered 
very  little  light.  No  results  are  available  at  this 
time  on  the  optical  performance  in  the  tele- 
scope. 


Figure  IS.  Foucaultgraur  of  Cerro  Tololo  Obser- 
vatory, 60-inch  (152-cm).  Pyrer  mirror,  1965. 


90-Inch,  f/2.7,  Fused  Quart? 

The  foucaultgram  in  figure  vas  taken 
through  the  null  tester.  Furt*'-.  ’•^k  and 
testing  was  done  after  this  w.  The 

small  artifacts  were  created  by  the  micrc ..  ope 
objective. 

A mirror  of  this  f-ratio  presented  quite  a 
challenge  to  the  optician,  for  there  was  litt’f 
information  available  on  grinding  technique* 
for  aspherizing.  Therefore,  instead  of  grin^ng 
in  the  hyperbolic  curve,  which  is  normally 
recommended  on  a mirror  of  this  size  and 
focal  length,  we  decided  to  polish  it  in.  It 
took  a total  of  6 months  to  polish  in  the 
correction  and  about  3 months  to  smooth  out 
the  small  zones. 

Wf  found  that  we  were  able  to  smooth 
out  small  edge  zones  during  the  final  figuring 
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Figure  14.  Foucaultgram  of  Steward  Observatory,  Pifftre  15,  Three  wire  tests  superimposed;  Foucault- 
9(t-iru;h(229-cm),ff2.7,  fused  quartz  mitTor,  1969.  of  Steward  Observatory,  90-inch  (229-cm), 

fjZ  7,  fused  quartz  mirror,  1969. 


to  improve  a 2-inch  rolled  edge  to  almost 
■;ro  by  using  a 6-inch  diameter  tool  with  a 
quarter-  to  half-inch  stroke  and  140-rpm 
rotation  and  by  placing  the  center  of  the  tool 
over  the  area  that  was  high.  This  produced  a 
surface  at  the  edge  that  seem.s  to  be  smoother 
than  the  central  area,  which  was  smoothed  by 
a 12-inch  diameter  tool  with  about  an  8-  to 
10-inch  stroke.  It  is  believed  that,  because  of 
the  higli  asphericity  of  the  mirror,  the  long 
stroke  was  producing  a misfit  between  t.he 
optical  surface  and  the  polishing  i'‘ol,  thus 
creating  a “digging”  action  at  the  extremities 
of  the  stroke.  The  no-stroke,  rapid  rotation 
technique  is  very  selective.  With  a 6-inch 
diameter  tool,  we  were  able  to  pinpoint  zones 
2 inches  wide  at  the  edge.  It  is  noted  that  this 
pinpointing  action  becomes  more  pronounced 
as  the  f-ratio  decreases. 

Three  different  wire  tests  have  been 
superimposed  on  one  print  (fig.  15).  The 
small  artifacts  were  created  by  th?  microscope 
objective. 

We  used  the  wire  method  for  testing  at 
the  radius.  This  produced  a concentric  ring  on 
the  zone  for  which  it  was  focused.  By  plotting 
in  different  coordinates,  we  were  able  to  keep 
track  of  the  astigmatism,  which  seemed 
negligible  enough  to  ignore  at  this  point. 


The  surface  is  within  X/8  of  the 
computed  curve.  Small  circular  zones  were 
too  small  to  measure  with  our  wire  test.  We 
had  set  up  a scatterpiate  interferometer  to 
look  at  these  small  zones,  but  they  did  not 
show  up.  These  zones  are  probably  about 
X/20. 

The  ’'lirror  is  now  being  coated  and  will 
b;  tested  very  shortly.  This  will  be  the  proof 
of  the  technique. 

60-1  pch  Sphere,  Aluminum 

This  60-inch  sphere  has  a 300-foot  focal 
length  (fig.  16)  and  was  originally  used  in  the 
McMath  Solar  Telescope. 

The  type  of  material  used  for  a mirror  is 
very  important  in  terms  of  smoothness.  This 
particular  mirror  was  polished  with  Linde  A 
by  using  a full-sized  tool.  It  produced  a 
1 /3-second  image  although  the  small  gouges 
softened  the  image  core  considerably. 

Probably  the  main  reason  for  using  this 
type  of  substrate  was  its  thermal  conductive 
qualities.  This  substrate  is  not  recommended 
for  high  resolution  optics. 
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Figure  16.  Foucauitgmm  of  60-inch  sphere,  alumi- 
num mirror. 


60-Inch  Sphere,  Fused  Quartz 

Figure  17  shows  the  quartz  replacement 
mirror  for  the  sola*'  telescope.  This  mirror  was 
figured  by  using  the  same  technique  used  for 
the  6C-inch  metal  mirror.  The  main  difference 
was  that  we  used  rouge  instead  of  Linde  A. 
This  surface  produces  very  low  scatter;  it 


Figure  17.  Foucindtgmm  of  60-inch  sphere,  fused 
qucitz  mirror. 


wuuld  be  ideal  if  we  could  make  shorter  focal 
length  mirrors  of  this  smoothness. 

1 6 Inch  Sphere,  Early  Cer-V>t 

The  mirror  shown  in  figure  1 8 is  quite 
smooth  even  after  having  a blowtorch  applied 
to  the  front  face.  The  vertical  stripes  were 
caused  by  hot  air. 


Figure  18.  Foucaultgtam  of  16-inch  sphere,  early 
Cer-  Vit  mirror,  1 966. 


36-Inch  Sphere,  Pyrex 

Figure  1 9 is  a phase  contrast  photo  of  a 
36-inch  spherical  mirror.  This  mirror  wa.s 
produced,  probably  30yeari  ago,  by  using 
Pyrex  as  a substrate.  It  is  hard  to  say  what  the 
little  gouges  are;  tiiey  are-  probably  on  the 
order  of  X/80. 

With  the  kniftf-edge  test,  this  mirror 
appeared  to  be  exceptionally  smooth.  It  is 
interesting  to  compare  this  photo  with  a 
pha.ie  contrast  p!<oto  of  a l^inch  Cer-Vit 
sphere  (fig.  20),  which  is  representative  of  our 
newer  zero-expansion  glasses. 

16-lnch  Sphere,  Cer-Vit 

The  phase  contrast  photo,  Hgure  20,  is 
of  a 16-inch  Cer-Vit  sphere. 
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Figure  19.  Foucaultgram  of  36-inch  sphere,  •yrex 
mirror. 


Figure  21.  Foucaultgram  of  16-inch,  f 1 1.68,  Cer-Vit 
mirror. 


Figure  20.  Foucaultgnm  of  16-inch  sphere,  Cer-Vit 
minor. 

16-!ncb.  f/1.68,  Cer-Vit 


Recently,  the  optical  shop  was  requested 
to  m-ke  a 1 6-inch,  f/ 1 .68  parabola  (fig. 21).  This 
parabola  was  to  be  sliced  up  into  smaller  off- 
axis  paraboloids.  'Vg  found  that  the  total 
amount  of  aspheric  was  too  great  to  oolish 
out  (approximately  0.007  inch).  Therefore, 
^e  decided  to  grind  in  the  r arabolic  cunx. 

Upon  completion  of  this  grinding,  the 
minor  was  polished  out  rnffieienUy  with  sub- 


sized tools  to  examine  the  optical  surface 
with  a collimator.  The  mirror  was  not  con- 
centric; it  had  a number  of  zones  that  did  not 
go  all  the  way  around.  We  tried  local  figuring 
to  take  out  the  astigmatism  and  found  it 
partially  successful,  but  it  did  not  accomplish 
the  work  *hat  we  had  hoped  it  would. 

Figure  22  shows  the  mirror  after 
spinning  technique  was  used. 


Figure  22.  Foucaultgram  of  16-inch,  fll.68,  Cer-Vit 
mirror,  after  spinning. 
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At  first  we  thought  we  would  go  back 
and  start  over  again,  but,  after  studying  the 
problem,  which  is  similar  to  problems  the 
optician  is  faced  with  on  larger  mirrors,  we 
felt  that  it  was  time  for  some  experimenta- 
tion. 

A full-sized  tool  was  made  up  , nd 
pressed  on  the  surface  of  the  mirror  to  insui  ^ 
a fit  between  the  tool  and  the  mirror;  a 
covering  of  Barnesite  was  used  between  the 
surfaces  to  keep  them  from  sticking.  After 
sufficient  pressing  time  was  allowed,  the 
mirror  was  spun  at  a rapid  rate,  approxi- 
mately lOOrpm,  with  about  a 1 /2-inch  stroke 
on  the  polishing  tool  to  prevent  any  serious 
grooves  from  developing,  until  the  general 
appearances  of  the  glass  resembled  that  of  a 
phonograph  record. 

The  surface  was  again  polished  with  the 
sub-sized  tools  to  remove  the  small  circular 
zones.  These  zones  had  a “terrible” 
appearance  but  actually  measured  only  frac- 
tions of  a wavelength  deep.  They  merely  had 
great  slopes. 

These  circular  zones  were  removed  in 
about  30  hours  of  polishing.  We  noticed  a 
small  amount  of  astigmatism  still  present.  By 
repeating  the  spinning  and  repolishing  the 
surface  with  the  sub-sized  tools,  we  achieved 
the  surface  shown  in  figure  23. 

Even  though  the  focal  length  of  this 
mirror  is  very  short  and  therefore  is  not  as 
sensitive  to  slope  errors  as  the  larger  optics, 
the  mirror  has  a very  good  appearance  for  a 
16-inch,  f/1.68  parabola. 


Figure  23.  Foucatdtgram  of  1 6-inch,  f 11.68,  Cer-Vit 
mirror,  after  repeated  spinning  and  polishing. 

Conclusion 

This  experiment  illustrates  very  d'^imati- 
cally  the  possibilities  tnat  are  available  for  im- 
proving the  state-of-the-art.  Unfortunately,  so 
much  of  the  work  accomplished  on  large 
mirrors  in  the  past  has  been  on  a time- 
scheduled  basis  that  the  optician  has  been 
allowed  very  little  time  to  tr>'  any  real 
technique  changes.  It  is  apparent  that  we  have 
not  reached  the  limit  of  surface  smoothness 
that  could  be  attained  on  the  optical  substrate 
materials  available  at  the  present  time.  There 
seems  to  be  a direct  correlation  between 
optical  smoothness  and  technique. 
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Introduction 

Weight,  durability  in  launch  and  space 
environments,  thermal  conductivity  and 
isotropy,  and  projected  cost  considerations 
favor  metallic  minors  over  glass  mirrors  for 
large-size  reflective  optics  although,  at 
present,  the  surface  quality  and  thermal 
stability  of  ^ass  mirrors  remain  superior. 
Considerable  advances  have  been  made  during 
the  last  few  years,  however,  in  the  fabrication 
of  metal  mirrors. 

I would  like  to  identify  some  of  these 
advances  and  to  indicate  a few  highly 
promising  research  and  development  areas  for 
application  to  space  telescopes.  This  paper 
will  discuss  five  techniques  of  potential 
interest  for  the  fabrication  of  a large  space 
telescope. 

Electroforming 

Of  all  the  earthbound  processes  for  the 
fabrication  of  metal  mirrors,  electroforming 
presents  the  greatest  potential.  Grinding, 
milling,  and  other  mechanical  processes 
require  considerable  wall  thickness  in  the 
mirror.  Typical  thickness-versus-diameter 
ratios  are  1 :6  or  1 : 1 0 for  glass  and  1 : 100  for 


*The  average  surface  rou^ess  was  measured  by 
interference  microscope  photographs  of  the  surface 
with  multiple  interference  lines,  obtained  by  the 
Tolansky  method.  The  distance  between  the  Fizeau 
lines  corresponds  to  one-half  the  wavelength  of  the 
green  light  used.  After  an  exs'h  measurement  of  the 
wavelength,  of  the  fringe  displacetiient,  and  of  the 
distance  between  Unes,  the  surface  roughness  was 
calculated. 


ground  metal  mirrors.  Such  thicknesses  result 
in  excessive  weight,  thermal  gradient,  and 
cost.  Since  only  the  surface  is  used,  the  mate- 
rial utilization  efficiency  decreases  with 
increasing  thickness.  In  contrast,  electro- 
formed  mirrors  show  a ratio  of  only  about 
1 ; 1000.  Physical  forming  and  deposition 
processes  yield  mirrors  of  inferior  surface  and 
metallurgical  properties  and  generally  at  a 
high  cost. 

In  electroforming,  metal  ions  .are  depos- 
ited from  a room- temperature  solution  upon 
an  accurate  male  master.  This  intimate  “atom- 
to-atom”  contact  should  yield  completely 
faithful  replication.  The  master  is  reusable; 
many  such  mirrors  can  be  electroformed  from 
each  master.  In  practice,  electrodeposition 
stresses  have  been  largely  responsible  for  the 
degradation  observed  in  a number  of  past 
attempts  to  electroform  metal  mirrors. 
Stresses  occur,  presumably,  because  of  disrup- 
tion of  the  orderly  atomic  lattice  by  disloca- 
tion. 

Recently,  however,  an  instrument  has 
been  developed  that  has  made  it  possible  to 
control  these  stresses  to  the  point  where 
accuracy  of  reproduction  and  sur^ce  smooth- 
ness are  assured  to  about  IX  (green)  and  SO 
angstroms,  respectively.* 

Although  these  results  were  achieved  on 
small  mirrors,  there  is  no  theoretical  or  prac- 
tical limit  now  known  that  would  preclude 
any  desired  precision  of  replication  in  any  size 
of  electroform.  Only  by  experiment  will  the 
actual  limits  be  found. 

A number  of  large  mirrors  (solar  energy 
concentrators)  were  made  by  the  Re-Entry 
EnvironirentsJ  and  Systems  Division  of  the 
General  Electric  Company  between  1 962  and 
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1967  (table  1).  These  units  required  accu- 
racies of  configuration  much  less  severe  than 
those  for  astronomical  mirrors;  typically, 
slope  errors  had  to  be  controlled  to  within  a 
few  minutes  of  arc.  Nevertheless,  it  is  inter- 
esti^  to  note  the  accuracy  of  replication  in 
thejpaa^)(Atbes^lai«ge  paraboloids.  Figure  1 
shows  ^ccMaqjj  attained  during 

this  period  by  using'  a Ijlo^le  freplication 


process:  spincast  epoxy  female  master,  elec 
troformed  male  nickel  intermediate,  and  elec- 
troformed  femaie  final  replica. 

Angular  deviation  was  measured  at  824 
points  on  the  surface  of  the  mirror  with  the 
results  shown  in  figure  1,  from  which  it  » 
evident  that  departure  of  the  replica  from  the 
master  was  very  small  in  spite  of  the  rather 
generous  requirements. 


Table  1.  Electrofonved  Large  Mirrors  Made  by  GE 


User 

Size 

Material 

G£  Missile  and  Space  Division 

(22')  6.7m  (Segments) 

Eiectroformed  Nickel 

Jet  Propulsion  Laboratory 

(S')  l.>m 

Eiectroformed  Nickel 

Jet  Propulsion  Laboratory 

(9-1/2')  2.9m 

Eiectroformed  Nickel 

NASA  Langley  Research  Center 

(9-1/2')  2.9m 

Eiectroformed  Nickel 

NASA  Langjey  Research  Center 

(2-1/2')  0.8m  (Several) 

Eiectroformed  Aluminum 

NASA  Langley  Research  Center 

(2-1/2')  0.8m  (Severan 

Eiectroformed  Reinf.  Aluminum 

GEOMETRIC  CONFIGURATION 


1 .5mm  (0.060-inch ) 

Eiectroformed  Nickel 

3.2mm  (1/8-inch)  wall,  8*Imm  (3-1/2-inch)  O.D. 
Nickel  Toms 

1 .5mm  (0.060-inch) 

Eiectroformed  Nickel 


Typical:  Weight,  incl.  toms 

Nickel:  4.35  kg/m*  (0.891b/sq.  ft.) 
Aluminum;  2.78  kg/m*  (0.57  Ib/sq.  ft.) 


Designed  for; 


10  g Axial 

2 g Tangential  Loads 
(Launch  Environment) 


Economics  of  1 00-inch  eiectroformed  mirrors, 
compared  to  ground  glass  mirrors: 

Time  ■ <.  1/10 
Cost  = <1/5 

(Drastic  decrease  in  mirror  cost 
with  increasing  numbers  of  units) 
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* To  these  considerations  should  be  added 

I the  fact  that,  in  direct  contrast  to  thick  mir- 
rors  of  any  material,  an  accurate  thin  mirror 
lends  itself  readily  to  active  figure  control. 

Figure  2 shows  two  electrofcrmed  alumi- 
num mirrors  produced  in  the  General  Electric 
laboratory. 


thin  (typically  1 5 to  40  mils).  To  make  them 
thick  would  defeat  the  basic  objectives  (light 
weight,  minimal  front-to-back-face  tempera- 
ture differences,  cost,  etc.);  hence,  we  may 
just  as  well  grind  in  the  conventional  manner. 
It  should  be  noted  that  these  electroformed 
mirrors  do  not  experience  distortion  due  to 
the  removal  of  gravity  because  they  are  pro- 
duced in  what  amounts  to  a zero-gravity 
environment;  i.e.,  as  an  adherent  skin  resting 
on  a substrate.  The  electroformed  mirrors  are 
too  thin  to  be  polished  and  figured;  therefore, 
we  must  electroform  them  accurately  in  the 
first  place.  Two  potentially  applicable 
processes,  electrochemical  machining  and 
electropolishing,  were  investigated,  but  the 
accuracies  obtainable  by  these  methods  are,  at 
best,  ±0.0001  inch,  which  -s  two  orders  of 
magnitude  above  diffraction  limits  in  the 
visible  region.  It  now  appears  that  these 
processes  are  unlikely  to  achieve  further 
improvements  in  the  accuracy  of  electro- 
formed mirrors. 


i 
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Surface  Finishing 

Our  second  technique  is  the  possible 
improvement  of  the  surfaces  of  metal  mirrors 
by  electrochemical  processes.  An  overriding 
consideration  in  the  electroforming  of  mirrors 
is  the  fact  that  these  mirrors  are  fabricated 


Figure  2.  Two  small,  electrofcrmed  aluminum,  thin 
minmrs:  3 inches  and  7 inches  in  diameter, 
respectively. 


Reinforced  Metal  Mirrors 

In  recent  work  sponsored  by  the  NASA 
Langley  Research  Cfenter,  large-scale  struc- 
tural electroforms  have  been  reinforced  by 
electrophoretic  codeposition  of  high  strength 
fibers.  Such  composites  displayed  a three-fold 
increase  in  ultimate  tensile  strength  and  a 
SO-percent  increase  in  the  elastic  modulus 
(the  latter  much  surpasses  that  of  quartz) 
without  affecting  the  accuracy  of  replication. 
Additional  dramatic  increases  in  strength  and 
modulus  appear  quite  feasible.  This  program 
should  be  vigorously  pursued  because  it 
points  towards  one  way  of  obtaining  metal 
mirrors  with  high  stiffnessrto-weight  ratio. 
Besides  permitting  an  aperture  increase  for  a 
given  mirror  weight  at  a given  accuracy  limit, 
such  reinforcing  '^fillers"  can  also  decrease  the 
thermal  expansion  coefficient  without  a sig- 
nificant effect  on  thermal  conductivity. 

Hardened  Surfaces 

In  a somewhat  related  process,  very 
hard,  polishable  surfaces  have  been  created  on 
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aluminum  electroforms  by  electrophoretic 
pigmentation.  Polishing  of  electoforms  is 
undesirable,  as  indicated  previously  in  this 
paper;  therefore,  this  process  is  not  of 
immediate  interest  although  it  may  be  useful 
in  connection  with  other  metal  fabrication 
processes. 

Lunar  Fabrication 

I would  like  to  plant  the  seed  of  a radi- 
cally different  anproach,  namely,  lunar  fabri- 
cation. In  the  December  1966  issue  of 
Astronautics  and  Aeronautics,  Dr.  William 
Tifft  of  the  Stewart  Observatory  gave  com- 
pelling arguments  for  placing  a space  tele- 
scope on  the  moon  rather  than  in  orbit.  I will 
not  repeat  his  arguments,  which  were  based 
upon  geometrical,  environmental,  and  opera- 
tional considerations,  but  I will  add  this 
consideration:  the  cost  of  fabrication  of  tele- 
scope materials  and  the  operation  of  a lunar 
base  would  be  shared  by  many  disciplines. 

The  generation  of  oxygen  (life  support 
and  propellant)  is  a primary  requirement  for 
the  growth  of  self-supporting  capability  on 
the  moon.  There  is  one  proposed  oxygen- 
generation  process  that  not  only  yields 


oxygen  as  efficiently  as  any  of  the  other 
processes  but  also  gives,  at  no  extra  cost, 
highly  significant  byproducts  usable  for 
mirror-and-telescope-structure  fabrication. 
This  process  employs  the  G£-proposed  lunar 
fused  salt  cell,  shown  in  figure  3.  While  this 
mobile  unit  moves  slowly  along  the  lunar  sur- 
face, an  auger  movement  scoops  in  the  soil, 
which  is  subsequently  melted  and  electro- 
lyzed as  in  an  earthbound  fused-salt  metal- 
producing  cell.  Oxygen  gas  and  silica  are 
generated  at  the  anode,  metal  at  the  cathode, 
and  thermally  extracted  water  is  obtained 
from  the  heating  of  the  rocks.  The  process  is 
not  sensitive  to  lunar  surface  composition, 
which  is  shown  in  table  2.  Thus,  some  rretal 
or  alloy  could  be  produced  even  if  we  do  not 
know  at  this  time  which  one  it  would  be. 

Because  the  penalty  of  lifting  thousands 
of  pounds  of  telescope  equipment  to  the 
moon  i’s  very  heavy,  I propose  fabricating  the 
mirrors  and  much  of  the  structure  on  the 
moon  by  utilizing  the  silica  or  metal  obtained 
from  lunar  rock,  'fhe  fabrication  tradeoffs 
will  rapidly  become  more  favorable  for  lunar 
fabrication  when  we  consider  the  long-term 
need  for  increasing  numbers  of  space  tele- 
scopes or  as  the  telescopes  become  too  large 
for  launch  vehicles. 


Figfire  3,  Artist’s  conception  of  lunar  mobile  metal  smelting  plant. 
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Table  2.  Probable  Elemental  Abundance  on  Lunar 
Surface* 


Element 

Percent  Weight 

Oxygen 

33-52 

Silicon 

17-38 

Magnesium 

8-18 

Iron 

1-22 

Aluminum 

1-10 

Sodium 

0.24 

Calcium 

0.1-8 

Potassium 

0.1-5 

Nickel 

0-2 

Carbon 

1 11 

Hydr<  gen 

0.007-1 

Ckmparative  Qassification 


Volcanic  ashes 
Pumice 

Lava  (trachytic  and  basalt) 
Stone  and  metallic  meteorites 
Tektites 

Quartz  porphyries 
Granite 
Tuffs 
Dolerite 

Liparitk  pitchstone 
Iron  quarzite 
Chon^te  rocks 
Achondrite  rocks 
Rhyolitic  rocks 


*Data  obtained  from  various  sources. 


The  lunar  fabrication  scheme  circum- 
vents the  problems  of  permanent  deformation 


due  to  launch  environment  and  fabrication 
and  testing  in  earth-gravity  while  operating  in 
the  much  lower  lunar-gravity  environment. 
The  fabrication,  testing,  and  operational 
support  systems  will  also  be  simplified.  The 
launch  support  system  will  be  eliminated. 

Pertinent  technical  data  on  the  engineer- 
ing “energetics”  appear  in  table  3. 

If  we  produce  molten  metal  (or  Si02)  on 
the  moon,  the  first  step  in  forming  a mirror 
would  probably  be  the  spincasting  of  a low  or 
zero  shrinkage  composition.  Because  of  lower 
gravity,  a considerably  slower  rotation  than 
required  on  earth  would  be  sufficient  (about 
1 rpm  for  a paraboloid  of  a 200-inch  focal 
length).  This  would  simplify  the  equipment 
and  reduces  bearing  “noise.”  The  quality  of 
the  surface  and  geometry  that  could  be  at- 
tained is  presently  unknown;  however,  on 
earth,  with  rather  mediocre  equipment 
located  in  a high  traffic  environment,  a 2-mil 
rms  finish  and  O.S  minute  of  arc  geometry 
were  easily  attained  in  10-foot  spincast  paralv 
oloids.  Considerably  better  results  can  be 
expected  in  the  lunar  environment.  Still,  such 
spincast  mirrors  are  sufficiently  thick  and 
rigid  for  polishing  and  figuring,  if  needed. 

Various  r.ovel  schemes  applicable  to  the 
find  figuring  of  silica  or  rigid  metal  mirrors  in 
the  primitive  lunar  environment  represent  an 
area  meriting  research  and  development 
support.  For  example,  the  measurement-and- 
comparison  process  may  well  use  certain 
recent  developments  in  optical  metrology  that 
will  be  favored  by  the  airless  lunar  environ- 
ment; long-range  interferometiy  is  now 
possible  because  of  the  availability  of  highly 
coherent  laser  illuminators;  moreover,  long 
path  interferometry  is  favored  by  the  absence 
of  atmospheric  refraction. 

In  order  to  estaUish  a standard  of 
comparison,  it  may  be  desirable  to  provide  a 
small  minor  having  the  desired  focal  length 
and  accuracy  of  the  comideted  large  minor. 
This  small  reference  mirror  could  be  set  in  a 
recess  at  the  center  of  the  rough  blank  so  that 
its  extended  surface  would  be  either  above  or 
below  the  surface  of  the  blank,  depending  on 
whether  we  would  add  or  remove  metal  for 
correction. 
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Table  3.  Technical  Data  on  Lunar  Metal  Production 


Reference:  Silicate  Melt  Electrolysis,  Feasibility  Demonstrations  and  Basic  Studies: 

U.S.A.  Bockris  (work  done  in  Great  Britain) 

Great  Britain  Kitchener,  Davies 

U.S.S.R.  Esin,  Qieculin,  Boronenkow,  Shurygin 

Japan  Adachi,  Ogino 

(Note:  Significantly  little  work  was  done  in  the  U.S.A.) 


THE  FUSED  SALT  PROCESS  IS  QUITE  INSENSITIVE  TO  ORE  COMPOSITION. 


Cathode  Products:  Al,  Mg,  Fc,  etc.,  (As  determined  by  controlled  potential.) 

98  to  99%  Purity  (Significant  impurity:  Si) 

Anode  Reaction:  SiOj"  -♦  SiOa  + Oj  + 4^ ; i.e.,  quartz  and  oxygen 

Overall:  (For  Al)  100  g AI  for  30  lit.  ( normal  temperature  + pressure)  Oj 

at  1355  amp.  lir/lb.  Al  (with  0.45 /lb.  Al  per  lb.  Oj) 
water  of  crystallization  (if  any) 

Electrodes  (nonconsumable J:  TiO;  orFe^Os  or  doped  AI2O3 


Voltage:  4v 


Temperature:  1 000®  if  chlorides  present ; 

up  to  2000®  if  no  chlorides  present 


Power:  For  electrolysis 
Melting 

Move,  crush,  etc. 


6 KWH/lb.  (13.2  KWH/kg) 

4 KWH/lb.  (8,8  KWH/kg) 

9 KWH/lb.  (19.8  KWH/kg) 


Power  Source: 


Solar,  I j.7m  (45  ft.)  dish 
Kilovolts  isotope  power  system 
(closed  loop,  br) 

SNAPS 


15  KW 

15KW 
» 15  KW 


Total  Estimated  Weight,  excbuUng  power  generation:  2000  lbs. 
for  1 Ibk/hr  metal  producing  plant  (0.45  kg/hr)  at 
1 5 KW,  but  considerable  increase  possible  at  higher  power. 


At  a distance  of  two  focal  lengths,  a 
metrology  pylon  would  be  erected  on  the  axis 
of  the  reference  minor.  On  the  pylon  would 
be  mounted  a point  source  of  cohemnt 
illumination.  The  dimensions  of  the  source 
would  be  less  than  the  desired  resolving  power 


of  the  mirror;  e.g.,  a 300-cm,  f/10  mirror 

would  resolve 20  X » 10  microns 
300 

at  5000  angstroms.  If  a source  somewhat 
smaller  tlian  10  microns  were  to  illuminate 
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the  reference  mirror,  an  image  of  the  source 
would  be  generated  nearby  in  the  form  of  a 
characteristic  Airy  disc  or  diffraction  pattern. 
The  image  would  not  be  that  produced  by  a 
source  at  infinity  but  would  be  modified  in  a 
predictable  way. 


Obviously,  lunar-based  fabrication 
requires  much  detailed  development  in  several 
technologies  involved;  however,  it  cannot  be 
lightly  discussed  in  long-range  planning  for 
space  exploration. 
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Introduction 

It  has  been  recognked  for  several  years 
that  beryllium  should  be  extremely  isotropic 
for  use  in  optical  systems.  Aside  from  its 
anisotropy,  beryllium  is  ideal  for  use  in  such 
instruments  because  it  possesses  low  density, 
high  modulus,  and  reasonably  good  thermal 
properties.  A critical  requirement  for  such 
precision  parts  is  uniform  expansion  of  the 
metal.  Beryllium,  however,  crystallizes  at  low 
temperature  with  a hexagonal  close>pawked 
crystal  structure  that  leads  to  anisotropy  in 
many  of  its  physical  parameters.  This  presents 
a serious  problem  that  can  only  be  overcome 
by  the  use  of  randomly  oriented  polycrys- 
tdline  bodies  that  are  usually  produced  from 
beryllium  powders. 

Nearly  all  beryllium  powder  is  prepared 
by  some  comminution  process  in  which 
coarse  beryllium  particles  are  crushed  to  finer 
and  finer  sizes.  Beryllium  cleaves  primarily  on 
its  basal  plane,  the  powder  taking  on  irregular 
platelet  or  acicular  shapes  in  which  the  plane 
of  the  particle  corresponds  to  the  basal  plane 
of  the  beryllium  crystal.  In  packing  such 
powders,  preferred  orientation  occurs  because 
the  particles  tend  to  align  the  plane  of  the 
platelets  (basal  plane)  normal  to  the  packing; 
direction.  During  densification  of  the 
powders,  such  as  hot-pressing,  this  tendency  is 
further  magnified  because  the  basal  plane  is 
also  the  slip  plane  and  additional  particles  wUl 
plastically  deform  into  this  same  orientation 
under  the  pressing  force.  Using  hydrostatic  or 
isostatic  pressing  procedures  and  sintering 
techniques  can  greatly  reduce  the  amount  of 
anisotropic  texture.  Two  such  processes  have 
been  developed:  pressureless  sintering  (ref.  1) 


and  hot-isostatic  pressing  (ref.  2).  These  tech- 
niques are  capable  of  producing  nontextured 
samples  because  the  pressing  forces  are 
applied  equally  in  all  directions,  not 
uniaxially  as  in  conventional  hot-pressing. 

Anisotropy  in  polycrystalline  materials 
can  be  estimated  by  a relatively  simple 
diffractometer-scanning  technique  in  which 
the  degree  of  anisotropy  is  indicated  by  the 
relative  intensities  of  selected  diffraction 
peaks.  Although  such  x-ray  procedures  are 
liot  as  “foolproof’  as  pole  figure  analysis, 
diffractometer  scans  yield  qualitative  data 
that  can  be  used  to  measure  anisotropy. 

Hot-Pressed  Beryllium 

Unlike  most  powder  metallurgy  products 
Liat  are  fabricated  by  cold-pressing  followed 
by  a high  temperature  sintering,  nearly  all 
commercially  powdered  beryllium  is 
processed  by  vacuum  hot-pressing.  During 
vacuum  hot-pressing,  beryllium  powders  con- 
tained in  a steel  or  grai>hite  die  are  uniaxially 
compressed  at  pressures  of  the  order  of 
1000  pounds  per  square  inch  for  about  1 hour 
at  1000“  to  1100"C.  The  beryllium  billet 
produced  is  neariy  theoredcaMy  dense,  having 
a grain  size  only  sliglitly  larger  than  the  initial 
ponder  particle  size.  Beryllium  oxide  is 
present  in  the  same  amount  as  in  the  initial 
powder  and  is  usually  2 to  6 wei^t  percent. 

Mechanical  deformation  of  poly- 
crystalline beryllium  at  high  temperatures 
causes  the  development  of  a texture 
(preferred  orientation).  The  grains  tend  to 
become  aligned  with  their  c-axes  paraUel  to 
the  direction  of  the  applied  force.  This 
woriced  texture  is  also  obMived  to  a lesser 
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degree  in  hot-pressed  berylKuhr.  nonnal 
structural  uses  of  beryllium,  hot-pressed 
beryllium  is  considered  to  be  isotropic;  how- 
ever, differences  in  ultimate  tensile  strength 
of  10  percent  are  often  observed  between 
longitudinal  and  transverse  sections  of  hot- 
pressed  smictural-grade  beryllium  billets 
(ref.  3).  Differences  in  thermal  expansion  of 
nearly  S percent  have  been  measured  for  these 
two  directions  in  hot-pressed  billets;  for 
optical  application,  such  differences  are  intol- 
erable. 

The  reason  for  strength  and  thermal 
expansion  differences  is  the  preferred  orien- 
tation developed  during  densiflcation  of  the 
p«.  v.  '?ts.  Figure  1 shows  x-ray  diffractometer 
scans  of  samples  of  a hot  pressed  beryllium 
billet;  the  surfaces  x-rayed  were  perpen^cular 
and  parallel  to  the  hot-pTessing  direction.  This 
flgure  shows  the  three  most  intense  beryllium 
peaks.  Tlie  (lOTl)  peak  should  be  the  stron- 
gest in  a random  sample;  the  intensity  of  the 
(lOTO)  peak  should  be  31  percent  of  the 
(lOTl)  peak;  and  the  (0002)  peak  should  be 
28  percent  the  intensity  of  the  (lOfl)  peak 
(ref.  4).  As  is  evident  in  figure  1 , neither  of 
the  scans  yield  peak  intensities  in  the  proper 
proportion.  Because  of  the  applied  load 
during  hot-pressing,  a number  of  beryllium 
grains  become  aligned  with  their  basal  planes, 
(0002),  normal  to  the  pressing  direction. 
X-ray  examination  in  a direction  90  degrees 
to  the  pressing  direction  shows  a lower 
number  of  basal  planes  than  in  a random 
sample.  This  behavioi  is  observed  in  al)  hot- 
pressed  beryllium. 

Isostatically  Produced  Beryllium 

An  alternative  approach  for  producing 
randomly  oriented  beryllium  is  to  use 
isostatic  or  hydrostatic  pressing  procedures  in 
the  densification  operations.  The  pressureless- 
sintering  technique  produces  ^nse  (over 
99  percent  of  theoretical),  fine  grain, 
randomly  oriented  beryllium  (ref.  1).  The 
microstructure  of  a pressurAless-sintered 
beryllium  specimen  is  seen  in  the  polarized 
light  micrograph  of  figure  2.  A honiogeneous, 
fine  grain  structure  (average  grain  size  of 


, about  1 0 to  1 5 iu)  is  evident.  This  sample  con- 
< tains  about  2 weight  percent  beryllium  oxide 
impUnty,  which  appears  as  a small  black 
precipitate  in  ti.  ^ micrograph.  The  oxide  is 
generally  present  in  the  grain  boundaries. 

The  degree  o’  randomness  of  the 
pressureless-sintered  beryllium  samples  is  illus- 
trated in  figme  3.  This  figure  shows  three 
x-ray  diffractometer  scans  taken  from  three 
orthogonal  directions  of  a small  specimen  of  a 
pressureless-sintered  billet.  The  relative 
intensities  of  the  three  peaks  taken  in  the 
three  directions  are  nearly  identical,  and  aU 
are  nearly  in  the  proper  ratios  (ref.  4).  X-ray 
data  were  also  taken  of  sections  cut  at  a 
45-degree  angle  to  the  sections  used  for 
figure  3,  and  these  data  again  are  in  the 
proper  proportion.  Finally,  pole  figures 
analysis  on  pressureless-sintered  beryllium 
indicated  that  the  samples  examined  were 
essentially  random. 

Optical  Properties  of  Beryllium  Mirrors 

Mirrors  have  been  made  from  the  various 
classes  of  beryllium  mentioned  in  this  report, 
including  several  grades  of  commercially  hot- 
pressed,  hot  isostatically  pressed,  and 
pressureless-sintered  beryllium.  These  mirron 
were  generally  solid  bla>dcs,  4.2  inches  in 
diameter  by  0.50  inch  thick.  The  samples 
were  polished  by  Perkin-Elmer  to  obtain  flat, 
high  quality  optical  surfaces.  The  mirrors  have 
been  evaluated  for  short-term  stability  over 
thermal  excursions  between  25°  and  80”  C, 
called  '^heimal  stability,"  and  long-term  flat- 
ness dimensional  stability  measured  at 
constant  temperature.  The  long-term  dimen- 
sional stability  is  evaluated  by  two  means 
(ref.  2).  The  first  uses  a precision  surface 
interferometer  that  records  flatness  insta- 
bilities over  a 2-week  period  at  constant 
temperature;  the  data  are  then  extrapolated 
to  yield  instabilities  per  year.  A second 
dimensional  stability  measurement  is  simply 
to  compare  the  flatness  of  the  polished 
mirrors  after  shelf  storage  of  12  to  18 
months.  Longer  timt^s  are  not  yet  possible 
because  control  samples  were  produced  less 
than  2 yean  ago. 
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Figure  t.  X-ray  diffractometer  scans  of  hot-pressed  be'^'lltum.  One  surface  examined  was  perpendicular  to 
the  hot-pressing  directhn,  and  the  second  was  parallel  to  the  hot  pressing  direction. 


The  best  hot-pressed  beryllium  showed 
thermal  instabilities  of  1.0  x 10'’X/*C  when 
thennally  cycled  between  2S**  and  80'"C;  X 
was  6328  angstroms  for  these  measurements 
(ref.  S).  Hydrostatically  pressed  and  sintered 
beryllium,  on  the  other  hand,  showed  thermal 


instabilities  on  the  order  of  0.4  ,^o 
0.5  X 10”’  X/*C  (ref.  5).  More  recent  measure- 
ments (ref.  6)  indicate  that  the  pressureless 
sintering  will  consistently  produce  beryllium 
imples  3 to  S times  more  thermally  stable 
than  hot-press’ug. 
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Figiwe  2.  Microstructure  of  pressureless-sintered  beryllium 


Two  factors  contribute  to  these  thermal 
instabilities.  The  first  is  the  overall  degree  of 
nonrandomness  in  the  various  samples.  This  is 
shown  in  figures  1 and  3 for  hot-pressed  and 
pressureless-sintered  beryllium.  In  addition, 
an  important  contribution  to  the  instability  is 
the  inhomogeneity  of  the  texture  across  the 
polished  surface.  Because  the  optical  measure- 
ments have  been  made  on  flat  surfaces,  it  is 
possible  that  even  a significant  degree  of  non- 
randomness can  exist  in  the  test  sample;  but, 
if  the  texture  is  uniform  over  the  optical 
surface,  the  mirror  may  not  severely  distort 
upon  temperature  changes.  This,  however, 
would  not  be  the  case  for  an  optical  surface  if 
some  curvature  was  involved;  i.e.,  it  would 
distort  even  if  the  texture  were  uniform 
across  the  entire  surface.  Because  of  differ- 


ences in  thermal  expansion  in  the  various 
directions  for  hot-pressed  beryllium,  severe 
distortions  occur  upon  temperature  changes. 

X-ray  diffraction  measurements  have 
been  made  over  the  optical  surfaces  for 
numerous  beryllium  mirrors.  Figure  4 shows 
the  results  obtained  for  a mirror  made  from  a 
commercially  hot-pressed  billet.  Three  scans 
are  shown:  one  taken  at  the  center  of  the 
billet,  one  at  the  billet  edge,  and  one  at  an 
intermediate  position.  Several  of  these  tra- 
verses were  taken;  what  is  shown  is  represen- 
tative of  all  the  measurements.  It  is  evident 
that  this  mirror  is  highly  textured  and  that 
the  texture  is  not  uniform  across  the  surface. 
This  sample  showed  a thermal  instability  of 
1,8  X lO"^  X/°C.  The  x-ray  characteristics  of 
the  hot-pressed  sample  are  contrasted  with 
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Figure  3.  X-my  diffractometer  scans  taken  from  three  orthogonal  sides  of  a small  hydrostatically  pressed, 

pressureless-sintered  beryllium  cube. 

those  of  a pressureless-sintered  mirror,  which  the  original  test  temperature.  Beryllium 

is  shown  in  figure  5.  This  sample,  although  mirrors  that  have  large  thermal  instabilities, 

not  perfectly  random  nor  homogeneous,  is  far  such  as  those  made  from  the  hot-pressed 

superior  to  hot-pressed  samples.  The  actual  blanks,  would  of  necessity  have  to  be  polished 

thermal  instability  of  this  pressureless-sintered  at  a temperature  near  the  operating  tempera- 

mirror  was  0.41  X 10'^  X/°C.  ture  of  the  mirror. 

'fhermal  stabUity  for  performance  of  More  critical  to  many  applications  is  the 

optical  systems  would  be  critical  where  the  long-term  dimensional  instability.  Again,  the 

mirror  would  operate  at  temperatures  other  only  precise  data  available  are  for  flat  su^ 

than  that  at  which  it  was  polished.  In  general,  faces,  but  pressureless-sintered  mirrors  have 

f all  the  thermal  instabUities  in  the  mirrors  been  shown  to  be  stable  to  values  of  X/20  per 
tested  were  clastic  in  that  they  returned  to  year.  These  values  are  approaching  the  long- 
I their  original  surface  figure  when  returned  to  term  dimensional  stability  recorded  for  fused 
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Figure  4.  X-ray  diffractometer  scans  of  a hot-pressed  beryllium  mirror. 


sUica  mirrors.  Hot-pressed  beryllium  samples 
once  again  are  inferior,  with  instabilities  of 
about  X/4,  or  one  fifth  as  good  as  the 
pressureless-sintered  samples.  To  date,  no 
direct  correlation  has  been  shown  between 
short-term  thermal  instabilities  caused  by 
nonrandom  orientation  and  long-term  dimen- 
sional instabilities.  The  long-term  instabilities 
most  likely  are  caused  by  residual  internal 
strain. 

A final  comment  is  appropriate  on  the 
manner  in  which  the  tested  samples  were 
treated  after  fabrication.  Billets  having  dimen- 


sions approaching  the  final  mirror  geometry 
were  sintered,  thus  eliminating  excessive 
machining.  After  machining,  it  was  necessary 
that  a minimum  of  0.010  inch  be  chemically 
removed  from  all  machined  surfaces,  thereby 
eliminating  all  machining  damage.  The  blanks 
were  then  optically  polished.  No  Kanigan 
coating  was  applied.  It  is  felt  that  surfaces 
such  as  Kanigan  would  only  contribute  to  the 
various  instabilities  of  the  beryllium  and,  in 
fact,  may  far  overshadow  the  satisfactory 
behavior  for  the  sintered  beryllium. 
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Figure  5.  X*my  diffractometer  scans  of  a pressureless-sintered  beryllium  mirror 


References 

1.  Moberly,  J.  W.;  Goggin,  W.  R.;  Brown,  H.  M.: 

Compacting  and  Pressureless  Sintering  of 
Beryllium  Powders.  International  Journal  of 
Powder  Metallurgy,  vol.  5,  no.  2, 1969. 

2.  Hodge,  E.  S.;  Gripshover,  J.;  Hanes,  H.  S.: 

Properties  of  Gas-Pressure-Consolidated 
Beryllium  Powder.  Beryllium  Technology, 
Vol.  II,  Gordon  and  Breach,  New  York,  1966, 
p.  703. 

3.  IGng,  B.:  New  Grades  of  Beryllium  - Their 


Meaning  and  Use.  Presentation  at  SAE  Meeting, 
Los  Angeles,  California,  October  1967. 

4.  Meredith,  C.  C.;  Moberly,  J.  W.;  Barlow,  M.: 

Integrated  X-ray  Diffraction  Measurements  of 
Beryllium.  Journal  of  Less  Common  Metals, 
1969,  submitted  for  publication. 

5.  Perkin-Elmer  Corp.:  Optical  Materials  Study 

ProgranL  Second  Annual  Technical  Report, 
ARPA  Order  No.  885,  Sept.  1968. 

6.  Perkin-Elmer  Corp.:  Unpublished  data,  Norwalk, 

Connecticut. 


% « 


PRECEDING  PAGE  BLANK  NOT  FILMED. 


fl70>36699 


The  Effects  of  Processing  on  the 
Dimensional  Stability  of  Beryllium  Mirrors 


Robert  E.  Maringer 
Fattelle  Memorial  Institute 


Introduction 

Beryllium  has  a number  of  distinctly 
advantageous  properties  that  make  it  a 
promising  optical  mirror  material.  It  has, 
above  all,  a high  modulus  (3.2  x lO'*  kg/mm* ) 
and  a low  density  (1.86  g/cc),  which  combine 
to  give  it  the  hipest  stiffness>to-density  ratio 
of  all  the  normally  considered  candidate 
materials.  In  addition,  beryllium  has  a rela- 
tively  high  thermal  conductivity 
(1.7  watts/cm  °K),  which  means  that  it  will 
equilibrate  readily  after  some  change  in 
temperature.  Recognition  of  these  properties 
has  led  to  the  use  of  beryllium  in  telescopic 
mirrors,  gyros,  accelerometers,  instrument 
mounts,  and  other  precision  devices.  The 
accumulated  experience  indicates  that  beryl- 
lium is  not  an  ideally  stable  material.  Recent 
research  has  resulted  in  a significant  advance 
in  the  understanding  of  the  reasons  for  this 
instability.  It  is  the  purpose  of  this  discussion 
to  point  out  some  of  the  reasons  for  this 
instability  and  to  indicate  methods  to  avoid 
it. 

Mechanisms  of  Dimensional  Instability 

At  least  four  distinct  mechanisms  of 
dimensional  instability  (not  including  over- 
stressing by  the  application  of  an  excessive 
external  load)  have  been  identified  in  beryl- 
lium. These  are: 

1.  Relaxation  of  residual  stresses  intro- 
duced during  processing  (especially  ma- 
chining) 

2.  Relaxation  of  residual  stresses 
existing  in  an  electroless  nickel  plate  or  relax- 
ation of  thermally-induced  stresses  between 
the  plate  and  the  beryllium  substrate 


3.  Relaxation  of  thermally-induced 
residual  stresses  resulting  from  the  anisotropy 
of  the  thermal  expansion  coefficients  of 
beryllium 

4.  A nonuniformity  of  the  preferred 
orientation  of  beryllium,  which  results  in 
nonuniformity  of  thermally-induced  stresses. 

Machining  Stresses 


The  most  common  source  of  residual 
stress  in  beryllium  is  macliining  damage.  The 
machining  operation  itself  causes  considerable 
disruption  of  the  surface  layers,  leaving  be- 
hind a heavily  cold-worked  layer.  If  one 
examines  this  worked  layer  metallographically 
in  cross-section,  deformation  twins  are  often 
observed,  extending  to  a depth  of  perhaps 
0.002  inch  below  the  surface.  These  have 
sometimes  been  taken  as  evidence  of  surface 
damage  or  residual  stress,  and  the  beryllium 
surface  has  been  etched  to  a depth  of  0.002 
inch  or  so  to  alleviate  the  situation.  It  has 
been  shown  (refs.  1 and  2),  however,  that  the 
damage  extends  far  deeper  than  this.  Using 
the  recommended  tools,  the  recommended 
rake  an^e,  and  the  recommended  cutting 
speeds,  it  has  been  found  that  the  residual 
stresses  due  to  lathe  machining  will  occasion- 
ally penetrate  to  depths  greater  tlian  0.010 
inch,  but  penetration  is  more  commonly  of 
the  order  of  O.OOS  or  0.006  inch.  Although 
the  evidence  is  meager,  it  appears  that  the 
depth  of  penetration  decreases  with  de- 
creasing grain  size  and  increasing  material 
strength. 

These  residual  stresses  introduced  by 
machining  have  been  reported  (ref.  3)  to  be 
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as  highrts  pounds  per^sguare  inch,  It  is  important  to  be  aware  of  the  fact 

and,  in  wAoibi  typj^  menj^(ipf|^l  and  2),  that  this  behavior  is  not  limited  to  beryllium, 

we  have  found  stresses  as  high  as  2S,00C  .psi.  Figure  2 shows  a small  mirror  of  Vega  tool 

What  this  can  do  to  a beryllium  mirror  is  steel  of  a similar  aspect  ratio.  After  0.001 

amply  demonstrated  in  figure  1.  A 4.2-inch-  inch  of  material  was  removed  from  the  back 

diameter,  1 -inch-thick  cylinder  of  beryllium  surface  by  surface  grinding,  figure  2(b),  the 

with  machined  surfaces  was  lapped  flat  on  mirror  became  astigmatic,  with  the  axis  of 

one  side.  Then  the  machined  back  surface  was  astigmatism  being  oarallel  to  the  direction  of 

etched  off  in  steps.  After  removal  of  0.0082  the  grinding.  Etching  0.001  inch  from  the 

inch  from  the  back  surface,  the  interference  back  surface  again  changed  the  mirror  figure 

fringes  had  changed  from  straight  lines  to  appreciably,  as  shown  in  figure  2(c). 
concentric  circles,  indicating  that  the  surface  The  presence  of  such  residual  streses  in 

was  now  convex  and  deviated  from  flatness  beryllium  can  be  catastrophic  insofar  as  mir- 

by  several  wavelengths.  ror  behavior  is  concerned.  In  the  first  place. 


(a)  Interferogram  of  SRl-I-2,  showing  surface  prior  to  (b)  Interferogmm  of  SRI-I-2,  showing  surface  f^re 
the  chemical  removal  of  beryllium  from  back  after  removal  of  Q.004l‘inch-thick  layer  from 

surfact!.  back  surface. 


(cl  /ntaferoffvm  of  SRN-2,  showing  surface  figure 
after  removal  of  0.0082-inch-thick  layer  from 
back  surface. 


Figure  1.  Effect  of  machining  stresses  on  bay  Ilium  mirror  figure.  (Courtesy  of  Perkitt-Ebner  Corpo- 
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(a)  As  lapped. 


} (c)  With  0.00l-inch  etch  on  back  face. 

i 

)■  F^re  2.  Effect  of  machining  and  etching  on  Fega 

tool  steel  mirror. 


the  thermal  expansion  coefficient  differs 
between  the  cold-worked  layer  produced  by 
machining  and  the  annealed  base  material. 

This  could  lead  to  thermal  instability  of  a 
mirror.  Worse  than  this,  however,  is  the 
probability  of  relaxation  of  these  stresses  in 
service.  We  have  observed  (ref.  4)  that  many 
materials  will  creep  under  stresses  even  less 
than  their  microyield  strength  (MYS),  the 
stress  to  cause  1(T*  plastic  strain.  For  beryl- 
lium, the  MYS  can  vary  considerably  as  a 
function  of  grade  or  processing  history.  This 
is  shown  graphically  for  a number  of  grades 
and  processing  procedures  in  figure  3.  If,  for 
example,  S-200  beryllium  can  be  expected  to 
creep  (or  show  stress  relaxation)  at  stresses 
less  than  2000  psi,  we  have  no  reason  to 
expect  it  to  sustain  residual  stresses  of 
20,000  psi  without  stress  relaxation. 

It  is  interesting  to  note  that  most  pro- 
cedures for  the  stress  relief  of  beryllium  call 
first  for  rough  machining,  then  for  a 1450°F 
anneal  to  relieve  the  stresses,  then  for  finish 
machining.  In  effect,  one  goes  through  con- 
siderable trouble  to  remove  or  to  minimize 
the  residual  stresses  due  to  rough  machining; 
then  one  proceeds  to  put  them  right  back  in 
again  in  finish  machining.  Tliere  is  even  good 
evidence  (ref.  5)  to  indicate  that  the  fine  cuts 
used  for  finish  machining  put  in  higher  resid- 
ual stresses  than  the  coarser  cuts  used  in 
rough  machining. 

Stress  relief  by  heat  treatment  is  one 
solution,  but  it  must  be  done  after  finish 
machining  as  well  as  after  rough  machining. 

The  generally  accepted  stress-relief  heat  treat- 
ment for  beryllium  removes  only  little  more 
than  half  the  residual  stresses  present  (ref.  6). 

Therefore,  a far  better  procedure  is  to  etch 
chemically  all  machined  surfaces  at  a depth  of 
at  least  0.010  inch.  This  should  be  followed 
by  a stress-relief  heat  treatment  to  minimize 
any  long-range  residual  stresses  that  may  be 
present.  If  the  bare  metal  surface  is  to  be  ^ 

ground  and  lapped,  enough  material  should  be 
removed  during  each  step  to  obliterate  the  ^ 

residua)  stress  pattern  introduced  by  the  pre-  I 

vious  step.  This  will  permit  the  final  mirror  > 

surface  to  end  up  with  the  thinnest  possible  I 

layer  of  disturbed  metal  and,  thus,  to  have  the  I 

greatest  stability.  f 
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This  whole  area  of  residual  stresses  due 
to  machining,  lapping,  or  grinding,  and  their 
removal  or  minimization,  repu^sents  a grey 
area  of  knowledge.  We  know  how  bad  things 
are,  but  optimum  machining,  lapping,  and 
grinding  practice  is  not  known;  nor  are 
adequate  data  available  to  permit  truly  op- 
timum heat  treatment  to  relieve  stresses  intro- 
duced by  these  operations. 

Electroless  Nickel  Plate 

Because  of  its  significantly  greater  ease 
in  polishing,  electroless  nickel  is  plated  onto 
most  beryllium  (and  other  metal)  mirrors.  A 
series  of  simple  experiments  (ref.  7)  was 
undertaken  to  evaluate  the  residual  stress 
system  in  this  plate.  A number  of  stress- 
relieved  beryllium  strips  (0.010  inch  thick  by 
0.4  inch  wide  by  4 inches  long)  were  plated 
on  one  side  with  0.005  inch  of  electroless 


nickel.  Plating  was  done  by  various  plating 
companies.  The  composite  thus  formed  a 
bimetallic  strip.  Most  of  the  specimens  were 
given  a “stress-relief’  heat  treatment  by  the 
platers  after  plating  and,  when  delivered  to  us, 
were  obviouriy  bent.  C^cularion  showed  that 
tensile  stresses  over  20,000  psi  often  existed 
in  the  plate.  Representative  strips  are  shown 
in  figure  4.  Significantly,  one  strip  that  was 
delivered  in  the  “as  plated*)  condition  was  not 
bent  As  shown  in  figure  5,  however,  it  (Strip 
No.  1)  bent  apinedably  after  exposure  to 
1 90*C.  In  figure  S,  the  vertical  axis  represents 
the  extent  of  bending  as  measured  fiom  the 
center  of  a line  drawn  between  the  two  ends 
of  the  specimen  to  the  center  of  the  sped- 
men. 

Because  the  specimen  is  a bimetallic 
strip,  it  will  also  respond  to  a change  in  tem- 
perature by  a chai^  in  its  bend  radius  if  the 
thermal  expansion  coefficients  of  the  nickel 
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Figure  4.  Curvature  (bow-out}  caused  by  plating  stresses  from  Kanigen-nickel  deposition  on  beryllium.  (Top 

to  bottom:  Companies  A,  B,  C,  and  D. ) 


and  the  beryllium  differ.  As  the  data  in 
figure  5 show,  this  does  indeed  happen;  the 
temperature  dependence  of  the  bending 
indicates  a difference  in  thermal  expansion 
coefficients  of  about  2xl0‘®  per  degree 
Celsius, 

For  precision  mirrors,  both  the  residual 
stresses  in  the  plate  and  the  ditferent  thermal- 
expansion  coefficients  of  the  nickel  and  the 
beryllium  are  unacceptable.  The  easiest  and 
most  obvious  solution  is  to  eliminate  the  plate 
entirely.  In  less  precise  applications,  or  where 
a polishable  surface  cannot  be  otherwise 
attained,  electroless  nickel  can  still  be  very 
useful.  For  best  r-sults,  however,  the  mirror 
should  be  plated  with  an  even  thickness  over 
its  entire  surface.  The  structure  thus  becomes 
a sandwich,  with  stresses  on  the  back  of  the 
mirror  balancing  those  on  the  front  and  with 
consequent  distortion  minimized.  Care  should 
be  taken  not  to  imbalance  the  situation  by 
excessive  thinning  of  the  plate  on  the  re- 
flecting surface  of  the  mirror  during  polishing. 

Potentially,  it  seems  feasible  to  develop 
an  electroless  nickel  with  a better  thermal 
expansion  match,  but,  to  our  knowledge,  no 
research  in  this  area  is  under  way. 

Thermal  Expansion  Anisotropy 

The  crystal  structure  of  beryllium  is 
hexagonal-close-packed,  and  its  thermal- 
expansion  coefficients  parallel  and  perpen- 
dicular to  the  axis  of  the  crystal  differ  by 


about  2 X 1(T*  per  degree  Celsius  at  room 
temperature.  This  means  that,  in  a randomly 
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Figure  5.  Effect  of  heating  on  the  curvature  of 
electroless-  nickel-plated  beryllium  strips. 
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oriented  polycrystalline  aggregate  of  beryl- 
lium, any  change  in  temperature  will  result  in 
a buildup  of  stress  between  adjacent  grains. 
For  adjacent  grains  whose  C-axes  are  oriented 
at  90  degrees  to  each  other,  this  stress  builds 
up  at  about  80  psi  per  degree  Celsius.  In  some 
materials,  anisotropy  of  this  type  leads  to 
rather  dramatic  dimensional  instability,  as 
shown  iii  figure  6 for  thermally  cycled 
uranium  (ref.  8). 


Growth  of  uranium  rod  by  thermal  cycling  from 
100  to  S00'‘C;  original  size  inch  long  and  % inch  in 
diameter,  (a!  2132  cycles  (2X1:  (bf  4882  cycles  (2X). 


Thermal-cycling  growth  of  highly  oriented  fine- 
grained uranium  (30(f  C rolled  rod).  Growth  from  2 
to  11.5  inches  by  300  cycles  from  50  to  550’^C. 


Figure  6.  tHmensional  instability  of  uranium  due  to 
thermal  cyding  (ref  8). 

Fortunately,  instability  of  this  magni- 
tude is  not  observed  in  beryllium,  but  it  is 
vital  to  remember  tlut  intergranular  stresses 
exceeding  the  MYS  are  built  up  on  cooling. 
Slow  cooling  from  a stressHrelief  heat  treat- 
ment is  important  in  order  to  permit  the 
partial  relaxation  of  these  intergranular 
stresses.  It  is  also  important  to  cool  the 
sample  to  below  room  temperature.  This  will 
increase  the  intergranular  stresses  still  further, 
permitting  them  to  relax  somewhat  by  con- 
tinued plastic  deformation.  Then,  when  the 


beryllium  is  returned  to  room  temperature, 
the  stresses  will  be  reduced  by  the  now  nega- 
tive AT.  This  appears  to  be  the  real  rationale 
behind  thermal  cycling  as  a stabilization  pro- 
cedure. Unfortunately,  virtually  no  quantita- 
tive data  are  available  to  indicate  an  optimum 
thermal-cycling  stabilization  procedure.  The 
current  practice  of  cycling  between  about 
-100°  to  +1(X)°C  (done  slowly  to  avoid 
thermal  stress  gradients)  probably  should  be 
considered  mandatory  but  certainly  not 
optimum. 

Inhomogeneous  Anisotropy 

As  most  people  are  aware,  hot-pressed 
beryllium  has  a strongly  prcfened  orientation. 
Forging  or  rolling  serves  to  increase  this  form 
of  anisotropy.  One  consequence  of  this 
anisotropy  is  a difference  in  the  thermal 
expansion  coefficients  of  berylbum  relative  to 
the  direction  of  pressing  or  working.  This 
leads  to  some  thermal  instability,  especially  in 
nonsymmetrical  structures  or  in  a structure 
like  a spherical  mirror,  when  different  surface 
elements  represent  different  dii'ections  rela- 
tive to  the  pressing  direction. 

There  are  several  ways  of  decreasing  this 
anisotropy.  One  of  these  is  the  hot  isostatic 
pressing  (HIP)  method  developed  by  Battelle. 
This  process  involves  sealing  a green  powder 
compact  in  a mild  steel  cont.uner,  then 
exposing  the  package  to  isostatic  ^^s  pressure 
at  high  temperatures  in  an  autoclive  (7S0°C 
at  7 kg/mm^  for  two  hours  is  ty oical).  The 
resultant  product  is  100  percent  dense,  has 
significantly  better  MYS  values  tkin  its  hot- 
pressed  equivalent,  and  has  significantly  less 
preferred  orientation  than  its  hot-pressed 
equivalent.  A one-piece,  holiov/  mirror  blank 
with  an  eggcrate  internal  rib  tructure  made 
by  the  HIP  process  is  shown  b figure  7. 

A second  method  that  i . pears  promising 
is  the  pressureless  sinteriag  method  developed 
at  Stanford  Research  Laboratory.  This 
method  involves  exposing  a green-pressed 
compact  to  high  temperatun .?  in  vacuum.  If 
the  temperature  is  property  chosen,  almost 
full  density  can  be  obtained  without  excessive 
grain  growth.  Preferred  orientation,  cempared 
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Figure  7.  Finished  and  sectioned  SP-200-D  mirror 
blank. 

with  hot-pressed  beryllium,  is  again  signifi- 
cantly reduced. 

Mirrors  have  been  fabricated  from  bei-yl- 
lium  prepared  by  both  HIP  and  pressureless 
sintering  processes.  Although  these  show  a 
marked  improvement  over  mirrors  made  from 
hot-pressed  beryllium,  some  thermal  in- 
stability still  exists.  An  example  of  this  is 
depicted  in  figure  8,  which  shows  the  inter- 
ference pattern  at  80°C  on  a HIP  beryllium 
minor  that  was  flat  at  25"C.  The  deviations 
from  flatness  (about  1/4  wavelength)  cor- 


Flgure  8.  Surface  distortion  of  ribbed  beryllium 
mirror  at  8(fC  (Courtesy  of  the  Perkitt-Elmer 
Corporation.} 


respond  to  the  underlying  rib  structure  of  the 
mirror.  We  believe  this  is  due  to  a slightly 
different  preferred  orientation  in  the  polished 
surface  as  compared  with  the  rib  structures. 
Moberly  (ref.  9)  suggests  that  this  anisotropy 
originates  in  the  preferential  stacking  of  the 
powder  particles,  which  tend  to  b«J  flake-like 
due  to  the  propensity  of  beryllium  to  fracture 
on  its  basal  plane.  He  has  demonstrated  that 
by  reattritioning  the  green-compacted  beryl- 
lium to  produce  larger  aggregate  paiticies  and 
then  recompacting  and  p.  “,rurele!»  sintering, 
a very  isotropic  mirror  material  is  produced. 
It  is  believed  that  the  reattritioning  process 
will  aiso  improve  the  HIP  material;  experi- 
ments to  demonstrate  this  are  under  way.  Use 
of  spherical  powders,  for  either  the  HIP  or  the 
pressureless  sintering  process,  should  also 
minimize  inhomogeneous  anistropy;  experi- 
ments are  under  way  to  demonstrate  this. 

Conclusion 

We  believe  that  the  major  causes  of 
dimensional  instability  in  beryllium  mirrors 
have  been  recognized  and  that  corrective 
measures  for  all  of  them  are  presently  or 
potentially  available.  Thus,  it  appears  that  we 
are  on  the  threshold  of  producing  ber, 'Ilium 
minors  (and  probably  minors  of  other  metals 
as  well)  with  stabilities  comparable  to  the  best 
of  the  ceramic  or  glass  minors. 
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Pore-Free  Ceramics  Made  by  Sintering 

J.  E.  Burke 

General  electric  Research  and  Development  Center 


Introduction 

Ceramics  have  been  little  considered  as 
mirror  blank  materials  because,  as  conven- 
tionally produced,  they  are  multiphase  and 
have  several  volume  percent  of  pores.  The 
purpose  of  this  bnef  note  is  to  describe  two 
sin^e-phase  pore-free  ceramics  that  might 
offer  advantages  as  a mirror  material  under 
conditions  where  their  special  properties 
would  outweigh  their  disadvantages, 

Lucalox®  aluminum  oxide  ceramic  is 
made  by  conventional  ceramic-processing 
techniques  from  high  purity  aluminum  oxide 
powder  with  the  addition  of  about  0. 1 weight 
percent  magnesium  oxide.  The  product  is  a 
pore-free,  polycrystalline  material  having 
properties  substantially  the  same  as  sapphire. 
The  most  important  of  these  are  set  forth  in 
table  1. 

T<d)le  I.  Properties  of  Lucahx  and  Yttralox  ceramics 


Property 

Lucalox® 

Yttralox® 

Comrosition 

AI2O3  .99.9% 
MgO-0.1% 

Y.  03-91% 

*102-9% 

Crystal  structure 

Hexagonal 

Cubic 

Melting  point  <^Q 

2050 

2400 

Density  (gcm'^) 

3.98 

S.30 

Modulus  of  rupture  (psO 

>40,000 

'-I?, 000 

Young^s  modulus  (psi) 

57  X 10^ 

25  X 10^ 

Coefficient  of  thermal 
expansion  (®C“^) 

6.3x10-^ 

7.9  X 10“6 

Hardness  (moh) 

9.0 

7.2 

Yttralox®  is  a material  of  similar  micro- 
structure, also  made  by  cold  pressing  and 
sintering  from  yttrium  oxide  powder  with  the 
addition  of  several  percent  of  thorium  oxide. 
Its  properties  are  also  set  forth  in  table  1 . 

Potential  as  Mirror  Material 

It  must  be  emphasized  that  these  mate- 
rials are  essentially  unevaluated  as  mirror 
materials;  however,  they  possess  certain 
unique  characteristics  that  recommend  them 
and  certain  intrinsic  disadvantages  as  well. 

Advantages 

Yttralox  and  Lucalox  are  the  only  oxide 
ceramics  that  can  be  prepared  in  reasonable 
sizes  in  pore-free,  single-phase  form.  There  is 
no  glossy  phase  present  although  the  speci- 
mens are  polycrystalline.  Because  they  are 
prepared  by  cold  pressing  and  sintering 
powders,  they  can  be  made  by  present  tech- 
nology in  complex  shapes  and  in  diameters  up 
to  several  inches.  There  is  no  fundamental 
limit  to  size,  and,  with  moderate  develop- 
ment, it  should  be  possible  to  prepare  discs 
from  6 to  10  inches  in  diameter. 

It  is  characteristic  ot  these  oxides  that 
dislocation  mobility  is  exceedingly  low  at 
room  temperature;  hence,  the  materials  will 
have  very  great  dimensional  stability  and 
should  not  creep  at  all  after  polishing. 
Yttralox  is  somewhat  harder  than  glass  and 
can  be  readily  polished.  Lucalox  has  the  same 
hardness  as  sapphire;  hence,  it  is  somewhat 
more  difficult  to  polish. 

The  outstanding  characteristic  of  Luca- 
lox is  its  high  Young’s  modulus  (nearly 
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60  million  psi).  YttraJox  has  a Young’s  modu- 
dusr'df^  Wlton^(a^^^:^ti^^  glasses).  In 
eacJi  case,"^  slioalfl  i>e|^ossible  to  make 
thinner  blanks  for  a give*  diameter  than  is 
possible  with  glass. 

Joining  techniques  are  available  for  these 
mateiials.  In  Lucalox,  some  joints  have  been 
made  without  the  aid  of  any  foreign  sub- 
stances; i.e.,  by  joining  the  pieces  in  the  green 
state  so  that  no  differences  in  coefficient  of 
expansion  are  introduced.  It  is  believed  that 
the  same  techniques  could  be  applied  to 
Yttralox.  More  commonly,  solder  ceramics  of 
lower  melting  point  are  used. 

Disadvantages 

Both  materials  have  relatively  high 
coefficients  of  expansion;  hence,  temperature 
gradients  will  cause  distortions. 

Lucalox  has  a hexagonal  crystal  struc- 
ture. Although  the  polycrystalline  body  is 
isotropic  as  regards  coefficient  of  expansion, 
the  individual  grains  have  slightly  Afferent 
coefficients  of  expansion  in  different  direc- 
tions a = 9.2  X 10"*  per  degree  C parallel  to 
the  C-axis,  and  a = 8.2x  10"®  per  degree  C 
perpendicular  to  the  C-axis).  As  a result,  on  a 
microscopic  scale,  stresses  will  develop 
between  grains  when  the  temperature  is 
cnanged  and  may  cause  local  distortion.  No 


f 

direct  observ';ation  of  these  distortions  has 
been  made  tu  the  author’s  knowledge.  This 
same  anisotrctpy  in  coefficient  of  expansion 
leads  to  grain  boundary  shearing  stresses  that 
can  produce  i tendency  toward  grain  bound- 
ary cracking  in  relatively  large-grained  mate- 
rial. As  a consequence,  it  is  difficult  to  polish 
surfaces  without  some  chipping  (“pull-outs”) 
at  unfavorably  oriented  grain  edges. 

If  Lucalox  were  to  be  seriously  con- 
sidered for  mirror  blanks,  it  would  be  most 
desirable  to  develop  processing  techniques  to 
produce  a pore-free  microstructure  at  a grain 
size  of  10  microns  or  less. 

Yttralox  is  cubic,  and  preliminary  obser- 
vations indicate  that  it  is  easier  to  polish  than 
Lucalox  and  without  pull-outs.  Because  the 
coefficient  of  expansion  is  the  same  in  all 
directions,  there  are  no  local  distortions  with 
change  in  temperature. 

Summary 

It  is  conceivable  that  Lucalox®  and 
Yttralox®  might  be  useful  for  astronomical 
mirrors  in  which  high  rigidity  would  outweigh 
the  disadvantages  of  a relatively  high  coeffi- 
cient of  expansion.  Joining  techniques  are 
available  that  might  permit  lightweight  struc- 
tures to  be  made  of  these  materials. 
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It  is  conventional  to  characterize  com- 
mercial glasses  by  giving  the  temperatures  of 
the  flow  point  (log  viscosity  = 7.5  to  8.0),  the 
anneal  point  (log  viscosity  = 1 3.0),  and  the 
strain  point  (log  viscosity  = 14.5).  Experi- 
mental observations  of  viscosity  have  been 
made  up  to  viscosities  of  about  10‘^  , and, 
very  roughly,  a linear  relationship  between  log 
viscosity  and  the  reciprocal  of  the  absolute 
temperature  is  found  for  the  range  log  tj  = 9 
to  1 8.  Extrapolations  of  these  viscosity  v^ues 
to  room  temperature  yield  computed  values 
of  viscosity  far  in  excess  of  lO*® . Such  values 
are  clearly  immeasurable  because,  at  a vis- 
cosity of  lO*® , the  strain  rate  is  lO"®  per  day 
at  a stre.>s  of  100,000  pounds  per  square  inch 
(ref.  1). 

R.  W.  Douglas  (ref.  1 ) has  reported  the 
results  of  several  investigators  who  have 
observed  analytic  effects  or  other  stress  relax- 
ations in  glasses  at  temperatures  ranging  from 
a few  hundred  degrees  Celsius  down  to  room 
temperature.  It  is  clear  that  these  distortions 
must  occur  by  a mechanism  different  from 
that  which  operates  to  produce  viscous  flow 
at  elevated  temperatures. 

A number  of  observations  of  analytic 
effects  in  glass  have  been  made  by  using 
internal  friction  measurements  (ref.  2).  At 
temperatures  in  the  neighborhood  of  room 
temperature,  it  is  commonly  assumed  that 
these  effects  are  due  to  the  movement  of 
network-modifying  ions  such  as  sodium  rather 
than  to  any  rearrangements  involving  the 
silicon-oxygen  bond. 

It  is  the  purpose  of  this  brief  report  to 
suggest  that  such  stress-induced  ionic  move- 
ments may  produce  analytic  distortions  in  the 
surface  of  figured  mirrors,  that  the  relaxation 


times  may  be  long,  and  that  the  effects  may 
be  surprisingly  large.  In  addition,  I should  like 
to  call  attention  to  a theoretical  analysis  of 
this  phenomenon  recently  made  by  R.  J. 
Charles  (ref.  3). 

The  simple  physical  picture  of  the 
phenomenon  is  that,  when  a stress  is  applied 
to  a specimen  containing  a mobile  ionic 
species  (such  as  sodium  in  glass),  the  free 
energy  of  the  system  will  be  reduced  if  the 
ions  move  into  the  region  of  tension  from  the 
region  of  compression.  Such  ionic  transport 
will  build  up  a space  charge  that  will  oppose 
further  movement  so  that,  in  a suitable  time, 
a steady  state  composition  gradient  will  be 
reached.  If  the  external  stress  is  removed,  a 
permanent  set  will  be  observed  in  the  piece; 
gradual  relaxation  to  the  original  configura- 
tion will  then  occur  at  a rate  controlled  by 
the  diffusion  coefficient  of  the  mobile 
species. 

If  only  a single  ion  is  involved,  Charles 
computes  that  the  relaxation  times  should  be 
relatively  short,  even  at  room  temperature. 
Most  of  the  space  charge  will  be  concentrated 
within  a few  microns  of  the  specimen  sur- 
faces, and  the  relaxation  times  will  be,  at 
most,  a few  tens  oi  seconds. 

If,  however,  two  ion  species  are  present 
(e.g.,  sodium  and  potassium),  the  furst 
response  to  the  stress  application  will  be  the 
movement  of  the  more  mobile  sodimn  ions.  A 
longer  term  effect  will  involve  the  interchange 
of  sodium  and  the  larger  potassium  ions  to 
produce  a further  stress  relaxation  without 
change  in  space  charge.  This  latter  effect, 
which  involves  the  movement  of  many  ions 
over  larger  distances,  will  have  a much  longer 
time  constant,  e.g.,  weeks  or  months. 
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^{Mfj^ntal  'evi- 
dence ^ *to^pf)ort  ^naltiiSKively  the 
Charles  analysis.  Some  years  ago,  for  a 
different  motivation,  Charles  performed  the 
experiment  shown  in  figure  1.  A filament  of 
soda-lime  glass  was  bent  elastically  to  produce 
a stress  of  about  100,000  pounds  per  square 
inch  and  held  for  about  two  hours  at  250°C. 
After  cooling,  it  had  developed  the  permanent 
set  shown  in  the  lower  part  (a)  of  figure  1. 
Upon  reannealing  at  250°C  overnight,  the 
fiber  recovered  the  great  part  of  the  strain,  as 
shown  in  the  upper  part  (b)  of  figure  1 . 


Figure  1.  Soda-lime  fibers:  (a)  held  4 hours  at 
2S0°C  at  bending  stress  of  100,000  pounds  per 
square  inch  and  (b)  same  fiber  reheated  4 hours  at 
250°C. 

To  further  check  this  phenomenon,  R.  J. 
Charles,  Miss  A.  M.  Turkalo,  and  I carried  out 
similar  experiments  on  commercial  Pyrex- 
glass  cane,  drawn  into  filaments.  The 
0.010-inch  fibers  were  bent  to  a small  radius 
to  yield  a surface  stress  of  about  200,000 
pounds  per  'square  inch.  The  bent  fibers  were 
then  held  at  2S0°C  for  68  hours  and  again 
cooled  to  ;oom  temperature.  Upon  removal 
of  the  stress,  these  fibers  were  found  to  be 
bent  with  an  0.7-inch  displacement  of  the 
midpoint  of  the  6-inch  fiber,  as  can  be  seen  in 
figure  2.  Partial  recovery  to  the  original  shape 
occurred  in  4 hours  at  250*’C,  and,  after 
20  hours,  the  offset  had  been  reduced  to 
approximately  0.4  inch. 


Fused  quartz  filaments  exposed  in  a 
similar  fashion  showed  no  discemable  set 
after  the  same  treatment.  Similar  fused-quartz 
specimens  displayed  an  exceedingly  slight 
bend  (approximately  0.1  inch  as  measured 
above)  after  20  hours  at  650°C. 

These  experiments  must  be  considered  as 
most  informal,  being  performed  in  a crude 
fashion  to  ot  tain  some  observations  in  a short 
time. 

The  distortion  is  assumed  to  be  a con- 
sequence of  stress-induced  ionic  motion,  as 
described  by  Qiarles  (ref.  3).  The  recovery  of 
the  distortion  after  the  load  was  removed  is 
assumed  to  occur  also  by  reverse  ionic  move- 
ment and  IS  assumed  to  parallel  the  behavior 
of  a mirror  surface  that  intersects  a region  of 
residual  stress  in  the  underlying  blank.  The 
observations  show  that  quite  appreciable  dis- 
tortions can  occur,  over  relatively  long  times, 
at  temperatures  at  which  viscous  flow  cannot 
occur  by  the  mechanisms  that  operate  at 
elevated  temperatures.  The  very  much  smaller 
distortions  of  the  fused  silica  specimen  is 
assumed  to  be  a consequence  of  purity  rather 
than  intrinsically  higher  softening  tempera- 
ture. Since  there  are  very  few  mobile  alkali 
ions  present,  the  diffusional  distortion 
mechanism  caimot  operate. 

The  arguments  in  this  report  predict  that 
permissible  residual  stress  level  in  a mirror 
blank  should  be  related  to  the  composition  of 
the  glass.  If  it  is  a relatively  pure  single- 
comp .onent  glass  or,  more  specific^ly,  if  it  has 
no  highly  mobile  ions  in  it,  any  stressed 
region  revealed  in  polishing  would  relax  with 
a very  short  time  constant;  hence,  relatively 
large  residual  stresses  would  be  acceptable.  If 
there  were  a single  mobile  ion  present,  the 
relaxation  should  occur  in  a matter  of 
minutes  or  perhaps  a few  hours.  With  two  or 
more  moving  ionic  species  (as  probably  exist 
in  Pyrex),  the  relaxation  times  are  many 
hours  even  at  2S0‘’C  and  probably  months  or 
years  at  room  temperature.  In  these  glasses, 
residual  stresses  should  be  kept  to  a much 
lower  value. 
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(d)  Increased  relaxation  in  same  fiber  after  heating  at  250^ C for  20  hours. 
Figure  2.  Recovery  of  pyrex  fiber  deformed  by  bending  at  250^C 
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The  very  crude  experiments  reported  are  , 
far  from  quantitative,  but  the  general  tech- 
nique might  be  made  quantitative  and  might 
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ULE  Titanium  Silicate  for  Mirrors 

Charles  F.  DeVoe 
Corning  Glass  Works 


Introduction 

The  properties  of  ultra-low  expansion, 
ULE  titanium  silicate  (ULE^^)  are  discussed 
in  this  paper  as  a mirror  material. 

The  synthesis  of  ULE  titanium  silicate, 
the  fabrication  of  structures,  and  the  sub- 
sequent optical  finishing  of  these  structures 
are  all  done  by  the  same  fundamental  pro- 
cesses that  have  produced  several  hundred 
lightweight  mirrors  over  the  past  9 years. 

This  transparent  material  exhibits  the 
smallest  distortion  due  to  temperature 
changes  of  any  material  known  (a  « Q ± 0.03 
X lCr‘  from  5X  lo  35®C). 

It  is  made  in  boules  approximately  6 feet 
in  diameter  that  can  be  shaped  and  fused 
together  without  destroying  the  near-zero 
thermal  expansion  properties.  This  permits 
the  manufacture  of  fused,  monolithic,  ultra- 
lightweight structures. 

Glass  has  been  a good  mirro^blank 
material  ever  since  Leibig  invented  a way  to 
make  it  highly  reflective  over  a hundred  yean 
ago. 

The  attributes  for  an  ideal  mirror 
material  are: 

Dimensional  stability 
Pdishable 

Low  thermal  expansion 

High  thermal  diffusivity 

Hi^  elastic-modulua-to-density  ratio 

Homogeneous 

Qarity  for  inspection 

Size  capability 

Lightwei^t  capability 

Each  of  these  will  be  discussed  in  more  detail. 


Dimensional  Stability 

In  practice,  glass  appears  to  have  great 
dimensional  stability.  Experiments  over  many 
years  with  highly  stressed  glass  objects  have 
failed  to  show  permanent  strain  or  stress 
release  at  ordinary  temperatures.  We,  how- 
ever, were  probably  looking  for  gross  effects 
compared  to  the  requirements  for  a large* 
space  telescope.  On  ^e  other  hand,  optical 
objects  have  retained  good  figures  over  many 
years. 

Table  1 is  a list  of  fused-silica  mirror 
blanks  supplied  by  the  Coming  Glass  Works. 
As  far  as  we  know,  none  of  these  blanks  has 
demonstrated  problems  caused  by  permanent 
changes  of  dimensions. 

Coming  has  continually  searched  for 
deviations  in  use  from  the  concept  of  ex- 
cellent glass  stability.  Years  ago  there  was  a 
contention  among  apparatus  glass  blowers 
that  long  tubing  stored  horizontally  on  two 
brackets  would  bend  in  time.  Research  re- 
vealed that  glass  blowers  preferred  straight 
tubing  and  selected  it  first,  leaving  the  bent 
tubing  on  the  rack. 

ULE  titanium  sOicate  has  the  same 
general  random,  molecular  structure  as  glass 
and  fused  silica,  thus,  dimensional  stability  as 
related  to  structure  sliould  be  like  that  of 
fused  silica. 

Polishable 


Dietz  and  Bennett  (ref.  1)  state  that 
“surfaces  of  fused  quartz  having  a root-mean- 
square  roughness  of  about  3 aitgstroms  have 
been  obtained  by  using  the  bowl  feed 
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Minor  Blanks  Supplied  by  Coming  Glass  Works 


Purchaser 

Minor  Blank  Size 

Weight 

(lbs.) 

Mju/cm 

Anneal 

Year 

Princeton  University 

37"Dx5  1/4"T 

400 

30 

1959 

Princeton  University 

37"Dx5  1/4"T 

400 

30 

1959 

Flagstafi 

62"  Dxll"  T 

2,625 

22.0 

1961 

University  of  Michigan 

50"  Dx8‘  T 

1,225 

8.9 

1963 

University  of  Michigan 

50*Dx8  ' T 

1,225 

7.7 

1963 

Calif.  Inst,  of  Tech. 

61"  DxlO"T 

2,200 

6.5 

1964 

University  of  Michigan 

62"  DxlO'T 

2,400 

5.3 

1964 

American  Optical 
(Wright-Pattersoii  AFB) 

103"Dxl2  1/.i’  T 

7,600 

13.5 

1965 

KittPeak 

63"  Dx9"T 

2,250 

9.6 

1965 

University  of  Texas 

108"  Dxll  3/4"  T 

8,500 

5.2 

1965 

Kitt  Peak 

82"  Dx9"T 

3,800 

9.0 

1966 

University  of  Hawaii 

88"  Dxll  1/2"  T 

5,525 

7.8 

1967 

Sacramento  Peak 

64  1/2*  Dx  10 1/2"  T 

2,680 

5.9 

1967 

European  Southern  Obs. 

144*  Dx2l"  T 

24,500 

2.0 

1967 

Canadian 

156  3/4*Dx25"T 

33,300 

3.0 

1967 

method.*'  Verbal  reports  from  a number  of 
finishers  state  that  ULE  finishes  very  much 
like  fused  silica  does. 

Thermal  Expansion 

Figure  1 shows  the  extremely  low  ther- 
mal expansion  of  the  ULE  material 
(Code  7971)  around  room  temperature. 
Fused  silica  dso  has  a region  of  zero  expan- 
sion but  around  the  very  inconvenient 
temperature  of  approximately  •150**C.  At 
room  temperature,  the  expansion  of  fused 
silica  is  at  least  IS  times  that  of  current  ULE 
material.  A Pyrex®.brand  blank  expands  by 
another  factor  of  4 to  5 more  than  fused  silica 
does. 


THERMAL  EXPANSION 


Figure  1.  Thermal  expanskm  of  the  VLB  materUi. 
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The  advent  of  these  very  low  expansion 
materials  generated  the  need  for  more  precise 
measuring  techniques.  Plummer  and  Hagy 
(ref.  2)  have  described  Coming’s  work  with 
two  techniques.  One  uses  a Fizeau  inter- 
ferometer, and  the  other  involves  a rod  type 
of  dilatometer.  The  accuracy  of  the  dilatom- 
eter  has  been  further  improved  since  that 
paper  was  published. 

A third  method  for  measuring  the  overall 
expansion  of  a blank  will  be  described  by  the 
Itek  Corporation  in  a future  issue  of  “Applied 
Optics.”  This  involves  the  use  of  a holo- 
graphic interferometer. 

A comparison  of  the  current  status  of 
these  measurements  is  shown  in  table  2. 

High  Thermal  Diffusivity 

This  factor  becomes  very  much  less 
important  as  the  thermal  expansion  coeffi- 
cient approaches  zero,  it  is,  of  covu^,  one  of 
the  most  important  advantages  of  metals  over 
glass.  Selection  of  a glass  for  this  property 
would  not  be  significant  because  of  the 
narrow  range  of  values  for  most  glasses 
(ref.  3).  It  is  interesting  that  fused  silica  is  at 
the  top  of  the  range. 
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for  ULE  to  5.38  for  c low-expansion  glassr 
ceramic.  A ratio  of  the  order  of  7.5  can  be 
obtained  with  some  glass-ceramics  but  at  great 
sacrifice  of  low  thermal  expansion.  On  the 
other  hand,  beryllium  has  a ratio  of  23. 


Homogeneity  and  Qarity  for  Inspection 

These  properties  go  well  together,  par- 
ticularly for  a transparent  material  such  as 
ULE  glass.  Small  differences  in  composition, 
such  as  cords,  produce  large  distortions  in 
transmitted  light  paths,  and  birefringence 
studies  can  quickly  teveal  differences  in 
mechanical  properties  throughout  a single 
piece.  The  difficult  problem,  however,  is 
relating  these  to  the  actual  performance  in  a 
mirror  blank.  Even  though  some  early  work 
demonstrated  that  satisfactory  figures  could 
be  obtained  on  blanks  having  over  80 
millimicrons  per  centimeter  birefringence, 
much  progress  has  been  made  in  the  control 
of  our  process  to  20  millimicrons  per 
centimeter  or  less. 

Size  Capability 


High  Elastic-Modulus-to-  Density  Ratio 

Boules,  such  as  the  one  shown  in 
The  spread  in  this  ratio  for  glasses  is  not  figure  2,  are  about  6 feet  in  diameter  as  they 
very  great;  i.e.,  about  4.43  (xlO*  psi/gr/cc)  come  from  the  furnace  in  which  the  material 

Table  2.  Thermal  Expansion  Measurements;  Comparison  of  Three  Methods 


1.  ITEK 

0.026  x 10‘‘/*C. 

21-42*C. 

Equivalent 

-0.005  x 10"‘/*C. 

5-35”C. 

CORNING 

■0.009  xlO'YC. 

5-35“C. 

2.  CORNING 

(Private  Lab.) 

Mechanical  and  Interferometer 

9Samides 

-0.0031 0.012  xl0"‘rc. 

5-35'C. 

3.  perkin-elmer 

(Private  Lab.) 

Agree  within  0.014  x lO'^/'C. 

(70%  of  60  runs  on  Coming  Glass  Works  Superdilatometer  have  spread  under  0.006.) 
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Figure  2.  Boule,  6 feet  in  diameter,  as  it  comes  from 
furnace  in  which  it  is  produced. 


Figure  3.  One-dimensionat  models  developed  by 
Zachariesen  and  Warren. 


is  produced  from  the  vapor  state.  These  can 
be  machined  and  fused  together  to  make 
larger  sizes.  As  shown  in  table  1,  blanks  up  to 
1S7  inches  in  diameter  by  25  inches  thick 
have  been  delivered  in  fused  silica.  The  same 
technique  and  apparatus  work  for  ULE  glass. 

Lightweight  Capability 

There  is  no  technical  limitation  on  size 
capability. 

Structure  of  ULE  Glass 

Zachariesen  (ref.  4)  and  Waiten  (ref.  5), 
using  x-ray  techniques,  developed  the  one- 
dimensional  model  for  crystalline  silica, 
shown  in  figure  3a,  and  for  fused  silica,  shown 
in  figure  3b.  The  black  dots  represent  silicon 
ions,  and  the  circles  represent  oxygen.  Actu- 
ally, in  three  dimensions  the  silicon  ions  are 
bonded  to  four  oxygen  ions,  and  each  oxygen 
ion  is  linked  to  two  silicon  ions.  When  the 
crystalline  silica  is  heated  above  the  liquidus, 
the  structure  opens  up  and  becomes  irregular. 

Harold  Smyth  (ref.  6)  of  Rutgers  Unive^ 
sity  has  made  calculations  that  account  for 
the  zero  expansion  of  fused  silica  at  low 
temperatures.  This  property  is  based  on  the 
open  structure  permitting  more  lateral  vibra- 
tion of  the  oxygen  ions  than  when  they  are 


confined  in  the  crystal  structure.  The  tem- 
perature arouud  which  the  expansion  changes 
from  positive  to  negative  and  the  general 
shape  of  the  expansion-versus-temperature 
curve  can  be  changed  by  the  addition  of 
titanium  The  titanium  ions  substitute  for 
some  of  the  silicon  ions  in  the  random  glassy 
network  and  permit  different  vibration^ 
characteristics.  This  accounts  for  the  zero 
expansion  of  ULE  titanium  silicate  around 
room  temperature. 

The  vibrational  concept  to  explain  zero 
expansion  seems  to  be  further  confirmed  by 
the  large  increase  in  thermal  expansion  when 
soda  is  added  to  fused  silica.  According  to 
Warren  (ref.  7),  the  sodium  ions  occupy  holes 
in  the  network,  as  shown  in  figure  4.  These 
ions  limit  the  lateral  vibration  of  the  oxygen 
so  that,  when  heat  is  applied,  the  network 
expands. 

Summary 

This  great  similarity  of  structure 
between  ULE  titanium  silicate  and  fused  silica 
adds  all  of  the  advantages  of  fused  silica  to 
the  very  low  thermal  expansion  of  ULE  to 
make  it  an  ideal  mirror  material. 

The  fact  that  this  material  can  be  fused 
with  a flame  or  in  a furnace  without  de- 
stroying the  near-zero  expansion  makes 
possible  the  construction  of  any  size  required. 
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Figure  4.  Sodium  ions  (shaded)  occupying  holes  in 
network  of  fused  silica. 
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Mirror  Materials  • * 

Marvin  C.  Riggert  and  Robert  F.  Copper 
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Four  of  the  important  design  considera- 
tions for  high-resolution  astronomical  mirrors 
are  the  thermal  stability,  thermal  expansion, 
ability  to  obtain  and  to  retain  surface  finishes, 
and  the  mechanical  characteristics  of  the 
material  used  to  fabricate  these  mirrors.  These 
properties  are  basic  to  the  material  and 
present  the  liiniting  factors  to  distortion-free 
imaging.  In  addition,  optical  surfaces  can  be 
deformed  by  thermal  stresses  in  the  mirror 
material,  resulting  in  a distorted  image 
(ref.  1).  The  combination  of  good  thermal 
stability,  low  thermal  expansion,  ease  of 
obtaining  good  optical  finishes  and  the  abUity 
of  the  material  to  retain  these  finishes 
indefinitely,  high  modulus  of  both  rigidity 
and  elasticity,  and  a minimum  of  thermal 
stresses  within  the  material  are  of  critical 
importance  in  the  proper  selection  of  the 
material  for  optimal  performance.  Two 
materials,  one  the  standard  in  high-resolution 
mirror  blanks  and  the  other  a ceramic  pos- 
sessing these  characteristics  in  comparably 
high  quantities,  are  compared  in  table  1. 


After  World  War  U,  the  introduction  of 
commercially  available  fused  quartz  made 
possible  considerably  more  effective  mirror 
blanks.  A most  significant  point  of  progress 
came  with  the  manufacture  and  shipment  of 
the  158-inch-diameter  mirror  blank  to  the 
Kitt  Peak  National  Observatory.  This  15-ton 
blank,  shown  in  figure  1,  was  formed  by 
fusing  together  several  hundred  hexagon^ 
quartz  ingots  and  consists  of  a substrate  made 
from  two  layers  of  6-inch  ingots  12  inches 
high  and  a cap  5 inches  thick  made  from 
21 -inch  hexagonal  ingots.  Since  the  manu- 
facture of  this  blank,  great  strides  have  been 
made  in  increasing  the  ingot  sizes  for  large 
mirror  manufacture.  Figure  2 represents  the 
original  6-inch  ingots  used  in  the  Kitt  Peak 
blank  as  well  as  the  21-inch  ingots  used  for 
the  surface.  In  addition,  the  newer  manu- 
facturing facilities  have  produced  this  72-inch- 
diameter  ^ant. 

This  manufacturing  accomplishment 
demonstrates  that  there  now  exists  no  fore- 
seeable theoretical  limitation  on  size  for 


Table  I.  Comparison  of  Two  M^rMiterials 


Material 

Thermal 

Expansion 

Rigidity 

Mc^ulus 

Modulus  of 
Hasticity 

Poisson’s 

Ratio 

Stress 

Level 

Fused  Quartz 

OiS  X 10-* 

4.5  X 10* 

J0.5  x 10* 

0.16 

<10  mm/cm 

Lucalox* 

8.5  X 1(P 

23x10* 

57x10* 

0.23 

None** 

*Registered  trademark.  General  Electric  Company. 


•*Lucalox  is  stress-free.  Since  it  is  a polycrystalline  material  and  the  crystalline  structure  is 
randomly  oriented,  Lucalox  will  not  hold  stresses  as  amorphous  materials  do. 
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single-piece-construction,  fused  quartz  blanks. 
In  addition,  the  stress  levels  for  these  large 
blanji^  nay_b.e  reduced  even  further.  This 
particulaip  ^ai0  of  approxi- 

mately 8 millimicrons  per  cgitipeter  through 
the  1 2-inch  thickness. 

Si n gl e-piece-construction,  fused-quartz 
mirror  blanks  can  now  be  manufactured  in 
sizes  in  excess  of  any  previously  manu- 
factured, and  fused  ingot  construction  is  now 
established  to  a point  where  almost  any  size 
or  shape  can  be  produced. 

Astronomical  mirrors  historically  are  in 
the  form  of  right  circular  cylinders.  For  large, 
high-performance  systems,  this  form  suffers 
because  the  self-weight  deflection  of  the 
mirror,  which  is  proportional  to  (D^  /H)^  with 
D being  the  diameter  and  H the  thickness  of 
the  mirror,  requires  excessively  thick  and, 
hence,  heav'y  mirrors  to  maintain  the  desired 
contour  (ref.  2).  A solution  to  this  has  been  in 
the  construction  of  lightweight  mirror 
structures  in  which  material  is  removed  from 
the  mechanically  nonusable  center  portion  of 
the  structure  and  is  added  to  the  diameters. 
The  objectives  are  maximum  weight  reduction 
(up  to  70  percent),  mechanical  rigidity 
approaching  that  of  solid  blanks,  and  eco- 
nomical manufacture. 

The  simplest  approacii  to  taking  weight 
out  of  a quartz  mirror  would  be  by  sub- 
stituting removable  cores  for  quartz  ingots  in 
a checkerboard  pattern  on  the  bottom  half  of 


Figure  1.  The  158-inch'dkmeter  minor  blank  at  Kitt 
Peak  National  Observatory. 


a blank.  As  an  alternate,  a fused  solid  blank 
could  be  core  drilled  or  otherwise  machined 
on  the  back  side.  The  limiting  factor  for 
weight  reduction  is  the  minimum  web  thick- 
ness practical  from  a manufacturing  process; 
nevertheless,  a 50-percent  weight  reduction  is 
considered  attainable.  The  need  for  a back- 
plate  is  recognized,  however,  to  provide 
suitable  rigidity  to  the  structure.  For 
sometime,  it  was  tliis  need  that  cast  doubt 
upon  the  feasibility  of  producing  very  large, 
liglitweight,  quartz  blanks. 

Initial  efforts  centered  around  making 
quartz-to-quartz  seals  of  front  and  back  plates 
to  a separating  matrix  of  various  configura- 
tions. The  basic  problem  involved  in  doing 
this  is  to  accomplish  a strong,  continuous 
joining  of  the  parts  without  distorting  or 
sagging  of  the  material.  It  is  also  highly 
desirable  from  a structural  standpoint  that  the 
matrix  be  a continuous  network  and,  if  not 
cast  in  one  piece  or  machined  from  a single 
piece,  that  the  individual  elements  be  sealed 
together.  Because  a strong,  continuous  joint 
meant  that  the  material  had  to  be  heated  to  a 
point  where  the  parts  would  flow  together,  a 
degree  of  sagging  and  distortion  was  inevita- 
ble. A process  for  making  quartz-to-quartz 
seals  was  developed,  and,  in  addition  to  the 
inherent  distortion,  the  following  limitations 
were  noted: 


Figwe  2.  Original  6-inch  and  21-inch  ingots  used  in 
Kitt  Peak  mirror  blank  and  a new  72-inch-diameter 
^ant  ingot. 
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1.  Inability  to  expect  a continuous, 
high  integrity  seal  without  excessive  defor- 
mation of  the  structure 

2.  Difficulty  of  sealing  to  very  thin- 
walled  matrices  (for  maximum  weight  reduc- 
tion) without  destroying  the  structure 

3.  Problems  of  sealing  up  to  very  large 

sizes 

4.  Difficulty  of  sealing  the  lightweight 
network  together  to  form  a united  network  of 
maximum  rigidity. 

As  a result,  additional  approaches  were 
sought. 

Ideally,  quartz  parts  should  be  sealed  to- 
gether at  temperatures  well  below  the 
softening  point,  thereby  producing  highly  re- 
liable joints  from  a structural  standpoint  and 
yet  not  introducing  factors  that  would  deteri- 
orate the  thermal  and  mechanical  stability  of 
the  mirror.  The  answer  was  a lower  melting 
glass  that  seals  to  quartz,  has  a thermal 
expansion  coefficient  close  to  quartz,  and  is 
mechanically  and  chemically  stable.  Such  a 
glass  is  now  available,  and  a number  of  light- 
weight mirrors  have  been  made  by  using  this 
glass  as  the  bonding  medium.  This  solder  glass 
makes  possible  the  fabrication  of  lightweight 
mirrors  in  an  almost  limitless  variety  of 
substrate  designs  and  makes  feasible  even  the 
largest  lightweight  structures  under  current 
consideration. 

The  solder  glass  has  a softening  point 
below  the  softening  point  of  fused  quartz  and 
a thermal  expansion  coefficient  of  about  8 x 
KT''  as  compared  to  S.S  x 10'''  for  fused 
quartz.  Small,  lightweight  minors  made  by 
using  the  solder  glass  to  seal  quartz  plates  to  a 
substrate  of  quartz  tubing  have  been  tested 
and  found  thermally  stable  over  the  range 
between  0”  and  SO^C.  These  tests  have  also 
established  that  there  is  no  “print  through” 
due  to  the  use  of  the  solder  glasses.  In  ad- 
dition, testing  has  shown  that  this  technique 
results  in  highly  reliable  seals.  These  results 
are  readily  explained  by  the  fact  that  the  seals 
are  diffusion  bonded.  This  not  only  tends  to 
grade  out  even  minute  differences  in  expan- 
sion but  also  results  in  acceptably  low  stresses 
and  highly  reliable  bonds. 
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Some  of  the  designs  manufactured  thus 
far  are: 

1.  Cored  substrate  figured  to  accept  a 
machined  top  plate  with  a planobackplate. 
The  25-inch  diameter  blank  shown  in  figure  3 
is  an  example  of  this.  The  weight  reduction  is 
55  percent.  This  design  is  quite  adaptable  to 
very  large  sizes,  and  additional  weight  reduc- 
tion may  be  possible  by  coring  out  in  the 
heavier  section  of  the  web  and  removing 
material  in  the  side  of  the  cored  hole;  i.e.,  a 
“Swiss  cheese”  effect.  The  largest  blank  of 
this  type  made  thus  far  is  the  25-inch- 
diameter  piece. 

2.  Hexagonal  tubing  sections  as  a sub- 
strate. In  this  case,  the  nest  of  hexagonal 
sections  were  ground  to  the  spherical  shape.  A 
solid  quartz  plate  was  matched  to  this  curve 
and  sealed  to  the  substrate.  The  backplate  is 
flat.  After  the  figuring  of  the  top  plate,  the 
blank  will  be  of  uniform  thickness,  center  to 
edge.  In  this  particular  blank,  the  hexagonal 
tubing  pieces  making  up  the  matrix  were  not 
sealed  to  each  other.  This  can  be  done,  and 
has  been  done,  on  smaller  prototypes 
although  some  preparatory  finishing  of  the  in- 
dividual hexagonal  pieces  may  be  required  to 
assure  good  contact  between  pieces.  A weight 
reduction  of  63  percent  was  realized  in  this 
design. 


Figure  3.  Cored  substrate  design  figured  to  accept  a 
machined  top  pbte  with  u planobackplate;  25- 
inch’diameter  blank. 
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3.  Square  tubing  sections  nested  and 
sealed  together  with  solder  glass  to  form  a 
continuous  matrix  (figs.  4 and  5).  Planomir- 
rors  of  this  design  have  been  made  in  small 
prototype  sizes,  typically  12  inches  in  diam- 
eter, and  initial  testing  of  this  design  is  very 
encouraging.  Fof  maximum  weight  reduction, 
the  squares  are  assembled  in  a checkerboard 
pattern.  Typically,  wall  tubing  that  is  1 inch 
oy  1 inch  by  1/16  inch  has  been  used  al- 
though capability  exists  for  producing  2-inch 
square  tubing  and  undoubtedly  larger  size 
squares  would  be  used  for  larger  mirrors.  This 
design  has  great  potential  for  optimizing 
lightness  and  rigidity  and,  as  in  all  other 
designs,  offers  “scale  up”  feasibility.  The 
comers  of  the  individual  squares  arc  machined 
prior  to  sealing  to  assure  good  alignment  and 
contact.  Like  all  potential  stiuctures,  the 


Fifftre  4.  Square  tubing  sections  nested  and  sealed 
together  with  solder  gbo  to  form  a continuous 
matrix. 


matrix  may  be  figured  after  sealing  and  prior 
to  attachment  of  the  top  plate  so  that  a 
uniform  top  plate  thickness  is  generated. 
Weight  reduction  for  this  design  is  63  percent. 

4.  Round  quartz  tubes  set  apart  as 
separators  for  the  front  and  back  plates.  Very 
high  weight  reduction  is  possible  by  utilizing 
this  technique,  but  this  design  will  not  give 
the  same  rigidity  as  the  other  alternates. 
Twelve-inch'diameter  prototypes  have  been 
made. 

With  the  increasing  requirements  for 
astronomical  mirrors,  especially  for  aerospace 
applications,  additional  properties  of  the 
mirror  material  become  increasingly  im- 
portant. Higher  moduli,  greater  resistance  to 
attack  by  various  atmospheres,  lighter  weight, 
and  greater  thermal  difiusivity  are  parameters 
that  are  being  sought.  As  a class,  ceramics 
possess  these  properties  ind  are  becoming 
more  important  in  mirror  applications. 

Lucalox®  ceramic  is  a polycrystalline 
material  manufactured  from  a fine-grain,  high- 
purity,  aluminum  oxide.  The  microscopically 
small  pores  found  in  conventional  materials 
(shown  on  the  left  in  fig.  6),  which  make  the 
materials  opaque,  have  been  entirely  removed 
in  Lucalox  (shown  on  the  right  in  fig.  6).  This 
material  has  high  chemical  and  thermal 
stability,  high  intergranular  bond  strengths, 
high  strength-to-weight  ratios,  and  is  resistant 
to  oxidation  and  corrosion.  Lucalox  has  a 


Figures.  Squares  assembled  in  checkerboard  pattern 
for  maximum  wei^t  reduction. 
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density  nearly  twice  that  of  fused  quartz,  but 
its  modulus  is  5Vi  times  that  of  fused  quartz. 


Figure  6.  Microscopically  small  pores  found  in 
conventional  materials  (left)  entirely  removed  in 
Lucalox  (right). 


Therefore,  mirror  structures  could  be  made 
that  have  half  the  thickness  of  quartz  and  still 
maintain  greater  rigidity.  Lucalox  can  be 
manufactured  in  nearly  any  shape,  thus 
further  “lightening”  could  be  instituted  by 
making  single-piece  mirrors  with  a ribbing 
structure  on  the  reverse  side.  A design  has 
been  devised  that  would  allow  for  a 
115-square-inch  mirror  surface  that  would 
weigh  less  than  4 pounds  and  would  maintain 
rigidity  exceeding  that  of  quartz. 
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Introduction 

The  results  of  a research  program,  con- 
ducted over  the  period  from  August  1 967  to 
March  1968,  under  the  microstrain  portion  of 
a contract  for  the  investigation  of  the  effects 
of  low  energy  protons  on  specular  reflectance 
of  surfaces  for  space  mirrors  are  presented  in 
this  paper. 

The  overall  objective  of  the  program  was 
to  determine  the  nonrecoverable  deformation 
of  candidate  materials  for  telescope  mirrors 
after  application  and  release  of  short-term 
torsional  shear  stresses.  Viscoelastic  strain- 
recovery  characteristics  were  measured.  These 
are  presented  as  well  as  the  nonrecoverable 
strain-versus-applied-stress  data. 

Microstrain  measurements  of  heat- 
treated  specimens  yielded  precise,  consistent 
curves  of  nonrecoverable  strain  versus  stress. 
Viscoelastic  decay  proceeded  rapidly,  thus 
allowing  testing  to  be  completed  in  reasonable 
time  intervals.  The  as-machined  specimens,  by 
comparison,  were  grossly  inconsistent  in  their 
nonrecoverable  strain  characteristics,  had 
viscoelastic  decay  parameters  of  much  larger 
magnitude,  and  therefore  required  long  obse^ 
vation  time  to  achieve  reasonable  measure- 
ments. The  one  exception  to  this  was 
Cer-Vit®  101,  which  exhibited  identical, 
consistent  behavior  both  before  and  after  heat 
treatment. 

The  viscoelastic  recovery  characteristic  is 
not  readily  represented  by  a first  order  sys- 
tem, wherein  the  motion  is  described  by  a 
time  exponent  of  a constant  such  as  the 
Naperian  base(e).  The  decay  is,  however, 
closely  represented  by  a constant  negative 


exponent  of  time.  The  exponent  differs  with 
the  material  and,  in  some  materials,  with 
histor/  and  environment. 

The  relationship  between  stress  and 
nonrecoverable  strain  appears  to  be  a power- 
law  characteristic  for  the  materials  studied 
over  the  range  of  strain  from  ICT*  to  less  than 
10**.  This  implies  that  there  is  no  observable 
threshold  effect  but  that  a permanent  offset, 
however  small,  results  from  any  applied  stress. 

The  microstrain  testing  equipment  con- 
sists of  four  major  elements:  extensometer, 
loading  system,  thermal  control  system,  and 
signal  conditioning  and  recording  system.  A 
complete  description  of  this  equipment 
appears  in  the  March  1969  issue  of  ^e  IEEE 
Transactions  under  the  title  “Optical  Material 
Submicrostrain  Test  Apparatus,” 

A current  study  to  determine  the  micro- 
yield properties  of  telescope  mirror  materials 
is  presently  in  the  testing  phase.  Identical 
specimens  of  fused  silica,  Cer-Vit,and  beryl- 
lium are  being  stressed  in  torsion,  tension,  and 
compression  to  compare  microyield  prop- 
erties. An  overlap  occurs  in  the  data  over  the 
strain  range  of  10*‘  to  1(T*. 


Data  Presentation 

The  computed  values  of  nonrecoverable 
strain  are  plotted  versus  stress  on  log/log 
graph  paper  to  produce  a smoctlr  curve 
(fig.  1).  A line  is  fitted  by  inspection  through 
the  points  and  the  slope  (N)  determined.  This 
slope  is  the  exponent  of  the  stress-strain 
relationship  and  determines  the  correction 
factor  to  obtain  actual  outside  fiber  plastic 
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SHEAR  STRESS  (10*  N/m2) 


Figure  1.  Typical  specimen  of  shear-strain  decay 
characteristics  as  a function  of  applied  shear  stress 
and  time. 


Nonrecoverable  Strain 

Nonrecoverable  strain  versus  stress  data 
were  obtained  on  both  heat-treated  (fig.  2) 
and  as-machined  (fig.  3)  specimens.  Data  from 
as-machined,  304L  corrosion-resistant  steel 
proved  difficult  to  obtain  and  are  not  plotted. 
Data  from  heat-treated  and  as-machined 
Cer-Vit  agree  closely,  and  both  are  presented 
in  figure  2(b).  Two  specimens  of  heat-treated, 
304L  corrosion-resistant  steel  were  subjected 
to  somewhat  different  tests,  as  shown  in 
figure  2(a).  Specimen  3 was  subjected  to  pro- 
gressive alternate  loading.  Specimen  2-2  was 
given  a single  load  near  the  maximum  load 
attempted  on  specimen  3,  for  comparison 
with  the  alternate  loading  tests.  All  sub- 
sequent loads  on  specimen  3 were  made  in  the 
opposite  direction  to  the  single  large  load, 
starting  at  low  levels  and  increasing  to  levels 
greater  than  the  initial  load.  The  difference  in 
slope  of  the  two  sets  of  data  may  be  attrib- 
uted to  the  Bauschinger  effect.  The  reason  for 
the  disparity  m magnitude  is  not  obvious,  but 
it  may  be  affected  by  material  inhomo- 
geneities as  suggested  by  surface  imperfec- 
tions. 

Of  the  three  Cer-Vit  specimens  (numbers 
4,  5,  and  1 1 ),  the  data  from  number  S proved 
essentially  unusable  because  of  interference 
from  shoulder  cracks  induced  by  the  mechan- 
ical clamps.  Number  4 was  fractured  in 
testing.  Number  11  was  tested  before  and 
after  heat  treatment.  As  shown  in  figure  2(b), 
all  three  sets  of  valid  data  agree  closely, 
indicating  good  material  uniformity  and 
stability  of  characteristics.  A telephone  con- 
versation with  James  Duncan  of  Owens- 
Illinois  Development  Center,  Toledo,  Ohio, 
revealed  that  Ce^Vit  is  not  amenable  to 
annealing  because  it  is  completely  devitrified 
and  will  revitrify  before  other  changes  occur. 
The  heat  treatment  to  which  the  present 
material  was  subjected  (810*’K  for  1 hour)  is 
safely  below  the  1200°K  vitrification  point. 

Two  specimens  of  the  7940  fused  silica 
were  tested  in  the  heat-treated  condition;  the 
results  are  plotted  in  figure  2(c).  The  single- 
stress performance  of  specimen  10-3  shows 


strain.  The  plotted  curve  is  multiplied  by  this 
factor  ((N  + 3)/4)  to  produce  a new  parallel 
curve,  which  is  labeled  “the  nonrecoverable 
strain  asymptote.” 

The  viscoelastic  (or  recoverable)  strain 
values  calculated  from  the  empirical  represen- 
tation are  added  to  this  adjusted  curve  to 
yield  strain  values  at  various  time  increments 
(one  minute,  one  hour,  etc.). 

Overall  results  of  the  microstrain  pro- 
gram are  plotted  in  figures  2,  3,  and  4.  These 
curves  depict  the  nonrecoverable  (plastic) 
strain  and  the  viscoelastic  offset  for  various 
time  intervals  at  a temperature  of  30S‘‘K. 
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$MU«  STRESS  (10^  N/ii.*) 


Figure  3.  Nonrecovenble  shear  strain  as  a fimci 

good  confomiity  with  that  from  the  alter- 
nating loads  of  specimens  9 and  10>2.  This 
appears  to  validate  the  alternating  load 
procedure. 

A series  of  accidents  and  shortage  of 
time  r^tricted  the  tests  of  heat-treated  7971 
ULE'"  silica  to  two  ruas  of  a single 
specimen.  Results  are  plotted  in  figure  2(d). 

The  performance  of  as-machined 
specimens  of  7940  and  7971  silicas  before 
heat  treatment  is  plotted  in  figure  3.  These 
data  are  sufficiently  erratic  so  that  a single 
curve  is  not  representative.  Instead,  approxi- 
mate variation  limits  are  indicated,  showing 
rouglily  one  order  of  magnitude  variation  in 
nonrecoverable  strain  measurements.  The 
mechanism  responsible  for  this  erratic  be- 
havior is  not  evident.  If  a surface  condition 
were  responsible,  comparison  of  specimens 
with  different  diameters  should  behave  difTe^ 
ently.  The  two  tested  specimens  of  ULE  7971 


SHEAR  STRAIN  (10*  N/m^) 


were  of  differing  diameters;  thus,  one  had 
twice  the  torsional  stiffness  of  the  other.  The 
plotted  data  do  not  indicate  appreciable 
differences. 

The  810”K  heat  treatment  employed  on 
the  silicas  has  been  categorized  by  the  manu- 
facturer as  insufficient  to  cause  measurable 
annealing  of  body  strains.  The  changes  pro- 
duced are  nonetheless  quite  striking. 

A comparison  plot  of  nonrecoverable 
microstrain  characteristics  of  all  stabilized 
materia's  tested  thus  far  is  shown  in  figure  4. 
lire  curve  shown  for  beryllium  is  from  a 
previous  inhouse  program.  Other  than  beryl- 
lium, all  tested  materials  have  roughly  com- 
parable nonrecoverable  strain  characteristics. 

The  linear  relationship  between  non- 
recoverable stress  and  strain  on  a log/log  plot 
implies  a poweMaw  relationship.  This  indi- 
cates absence  of  a strictly  defined  “pro- 
portional limit."  In  other  words,  down  to  the 
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Figure  4.  Comparison  of  nonrecoverable  shear  strain 
as  a function  of  applied  shear  stress  for  materials 
testei. 


limits  of  measurement,  a nonrecoverable 
strain  is  induced  by  any  applied  load,  however 
small. 

Viscoelastic  Decay 


The  viscoelastic  decay  characteristics  of 
all  materials  tested  appear  to  be  sunilar  in  that 
they  may  be  represented  by  a straight^e 
plot  on  log/log  graph  paper.  This  implies  that 
the  decay  follows  the  function: 

Y=Ao+A,t*B 

where  Y is  the  strain  at  any  point  in  time;  Ao 
is  the  permanent  or  nonrecoverable  strain;  A| 
is  the  viscoelastic  strain  at  time  (t » 1 );  and  B 
is  a function  of  the  material  and  its  condition. 


Viscoelastic  parameters  of  the  various 
materials  were  determined  as  a byproduct  of 
the  nonrecoverable  strain  extrapolation  pro- 
cedure. The  elastic  strain  under  load  is  also 
listed  for  comparison.  The  parameter  Ai  is 
the  viscoelastic  or  recoverable  strain  at  one 
minute  after  load  release.  The  parameter  B is 
the  time  exponent  of  the  decay  curve.  The 
parameter  Ai  for  the  heat-treated  steel  speci- 
mens was  consistently  less  than  5x  lO"*^, 
making  a quantitative  determination  of  visco- 
elastic parameters  beyond  the  capabUities  of 
the  instrumentation.  Viscoelastic  parameters 
for  the  heat-treated  steel  are  therefore  not 
lisied. 

The  viscoelastic  parameters  of  Cer-Vit 
are  reasonably  consistent  between  specimens 
and  between  the  as-machined  and  heat-treated 
conditions.  The  steel,  silica,  and  ULE  speci- 
mens, however,  showed  marked  changes  after 
heat  treatment,  with  overall  reduction  arid 
shortening  of  viscoelastic  decay.  A compari- 
son of  tabulated  viscoelastic  data  of  speci- 
mens 10  and  12  revealed  that  the  viscoelastic 
decay  rate  of  the  heat-treated  silicas  was  an 
order  of  magnitude  faster  than  the  as- 
machined  state. 

Graphical  display  of  viscoelastic  behavior 
of  the  materials  is  shown  in  figure  2.  Wide 
differences  are  apparent  between  the  various 
materials.  Of  the  ^as.sy  materials,  7940  silica 
exhibits  the  most  rapid  viscoelastic  decay. 

Conclusions  and  Recommendations 

The  conclusions  are  categorized  in 
relation  to  nonrecoverable  strain,  viscoelastic 
strain,  and  viscoelastic  theory. 

Nonrecoverable  Strain  Conclusions 

1.  All  materials  tested  in  the  micro- 
strain program  exhibited  similar  nonrecove^ 
able  strain  characteristics  when  subjected  to 
appropriate  heat  treatment. 

2.  The  7940  and  ULE  silicas  in  the 
as-machined  state  provided  inconsistent  non- 
recoverable microstrain  performance. 

3.  Causes  for  the  differences  in  non- 
recoverable nucrostrain  performance  for  7940 
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and  ULE,  between  as-machined  compared 
with  heat-treated,  are  not  obvious.  Postulated 
reasons  include  matenal  manufacturing  proc- 
esses, internal  strains  induced  by  machining, 
and  surface  strains  and  microstrain  cracks 
induced  by  grinding. 

4.  Cer-  vit  demonstrated  no  nonrecover- 
able  strain  improvement  when  subjected  tc  a 
heat-treatment  procedure.  Influence  by 
variations  of  the  same  or  similar  mechanism 
cannot  be  ruled  out. 

5.  Within  the  measuring  capability  of 
the  instrumentation  (i.e.,  10"’ ® nonrecover- 
able  strain),  no  region  of  purely  elastic  stress- 
strain  relationship  was  found.  The  elastic  limit 
is  implied  as  being  zero  stress. 

Recomme’idation  for  Conclusions  1 thru  5 

The  optimum  procedure  to  be  employed 
in  the  fabrication  of  stable  mirrors  will 
depend  upon  establishing  the  cause  of 
inconsistent,  nonrecoverable,  microstrain 
behavior.  Several  methods  of  attack  are  avail- 
able for  tracking  down  these  sources.  Heat- 
treating  the  specimens  before  machining 
would  establish  the  effect  of  the  machining 
process.  Surface-etching,  polishing,  or 
roughening  would  establish  the  role  of 
surface-conditioning.  A separate  program  to 
investigate  these  aspects  is  recommended. 

Viscoelastic  Strain  Conclusions 

6.  The  viscoelastic  recovery  rate  of  the 
heat-treated  silicas  was  an  order  of  magnitude 
faster  than  in  the  as-machined  state. 

7.  Heat-treated  7940  silica  is  superior  in 
viscoelastic  recovery  rate  to  either  ^e  ULE 
silica  or  Cer-Vit. 

Recommendation  for  Conclusions  6 and  7 

If  viscoelastic  recovery  rate  is  important 
to  mirror  performance,  as  in  an  active  mirror 
system,  careful  consideration  and  unde^ 


standing  of  mirror  substrate  heat  treatment  is 
necessary.  Selected  variations  of  heat  treat- 
ment and  ambient  test  temperature  are 
expected  to  yield  significant  differences  in 
both  the  viscoelastic  behavior  and  the  non- 
recoverable strain.  A specimen  temperature  of 
30S‘’K  was  maintained  for  all  tests  in  the 
program  This  temperature  was  chosen  as 
being  reasonably  close  to  laboratory  ambient, 
yet  high  enough  above  expected  excursions  of 
ambient  to  allow  close  control  of  heating.  The 
ambient  temperature  of  mirrors  in  space  will 
range  approximately  between  ambient  and 
187’’K.  A separate  program  to  investigate  the 
effects  of  heat  treatment  and  test  temper- 
atures on  mirror  substrate  viscoelastic  strain 
rates,  by  using  the  short-term  loading  pro- 
cedure, is  recommended. 

Viscoelastic  Theory  Conclusions 

8.  Past  studies  on  viscoelastic  creep 
behavior  of  materials  have  established  a 
linear  relationship  between  strain  and  the 
logarithm  of  time.  The  present  program 
indicates  a more  accurate  representation  to  be 
a linear  relationship  between  the  logarithm  of 
strain  and  the  logarithm  of  time.  The  signifi- 
cance of  this  discovery  is  not  immediately 
obvious.  Theoretical  analyses  formulated  to 
take  account  of  the  previous  representation 
do  not  appear  to  be  readily  reconciled  with 
the  present  one. 

Recommendation  for  Conclu^n  8 

A review  of  solid-state  viscoelastic 
theofy  in  the  li^t  of  Conclusion  8 is  in  order. 
It  is  recommended  that  creep  tests  of  a 
number  of  basic  glass  types  of  materials, 
including  those  tested  ii:  this  study,  using 
extended  loading  periods  (I  hour  to  1 week) 
be  undertaken.  In  addition,  an  outstanding 
individual  in  the  field  of  solid-state  visco- 
elastic theory  in  glasses  should  be  com- 
missioned to  participate  in  the  investigatioa 
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I Degradation  of  Mirror  Surfaces  in  a 

i?.  Proton  Environment 

E.  L.  Hoffman  Nib-36705 

NASA  Langley  Research  Center  • * 


The  Langley  Research  Center  has 
sponsored  a research  and  development  con- 
tract to  investigate  the  effects  of  low  energy 
protons  on  the  specular  reflectance  of  mirror 
surfaces.  Mirror  samples  were  exposed  to  10 
KeVprot-ns  in  a 1(T’  torr  vacuum  environ- 
ment. The  protons  induced  contaminant  films 
to  be  deposited  on  the  mirror  surfaces;  there- 
fore, studies  of  the  contaminant  films  were 
also  performed.  This  paper  includes  discus- 
sions cf  the  test  variables  investigated,  typical 
specular  reflectance  results,  and  the  con- 
taminant films. 

The  variables  investigated  are  sum- 
marized in  table  1.  All  reflective  surfaces 
were  vacuum-deposited  aluminum  with  over- 
coatings of  magnesium  fluoride  (MgF,)  or 
lithium  fluoride  (LiF).  Substrate  materials 

TMe  1.  Degvdathn  of  Mirror  Surfaces  in  a Proton 
EnvironKient 

REFLECTIVE  SURFACES 

Ahiminum  with  MgF2  or  LiF  overcoatings 

SUBSTRATE.  MATERIALS 
Kanigen-plated  HP-40  beryllium 
I 7940  fused  s&ka 
C-101  Cer-Vit 

PROTON  IRRADIATION 
Energy  kvel:  lOKeV 
Fhix;  10*  to  10'*  protons  • cm~*  sec*' 
Integrated  flux;  10'*  to  10'*  protons  - cm*** 

REFLECTANCE  MEASUREMENTS 

900  to  2S00  A:  McPherson  monochromator 
(bi  jflu) 

0.2  to  2.5  Cary  14  spectrophotometer 
2 to  S0|i:  Beckim  IR-12  spectrophotometer 


included-  Kanigen-plated  HP-40  beryllium, 
7940  fused  silica,  and  C-101  Cer-Vit.  The 
proton  flux  was  varied  from  10*  to  10'* 
protons-cmT*  sec"'  and  the  integrated  flux 
from  10'*  to  10'*  protons-cnf* . The 
maximum  integrated  flux  approximates  about 
5 years  in  space  in  a synchronous  orbit. 
Specular  reflectance  was  measured  from  900 
angstroms  to  SO  microns.  In  tlie  900-to- 
2 5 00-angstrom  range,  measurements  were 
made  in  situ  by  using  a McPherson  25  mono- 
chromator. Measurements  in  the  0.2-to- 
2.S-micron  range  (using  a Cary  14 
spectrophotometer)  and  in  the  2-to-S 0-micron 
range  (using  a Beckman  lR-12  spectro- 
photometer) were  made  after  samples  had 
been  removed  from  the  vacuum  chamber. 
Reflectance  measurements  made  in  situ  after 
exposure  to  air  revealed  that  there  was  some 
reflectance  recovery  but  that  the  recovery  was 
generally  a small  part  of  the  total  reflectance 
change.  Miyor  changes  in  reflectance  were 
obtained  within  the  measurement  range  of  the 
insitu  equipment. 

Typical  results  of  the  degradation  of 
specular  reflectance  due  to  a proton  environ- 
ment can  be  shown  by  presenting  the  data  for 
a magnesiun»-fIuoride<oated  Cer-Vit  mirror. 
Data  for  this  mirror  are  shown  in  figure  1. 
The  specular  reflectance  in  percent  is  plotted 
against  wavelength  in  angstroms  for  a proton 
flux  of  1.4  X 10"  protons-cm~*se<r' . Data 
from  900  to  2500  angstroms  were  obtain  J in 
situ  with  the  ultraviolet  monochromator  t.nd 
from  2500  to  6000  angstroms  with  the 
Cary  14  spectrophotometer  after  the  samples 
were  removed  from  the  test  chamber.  Data 
are  not  presented  for  wavelengths  beyond 
6000  angstroms  because  there  was  essentially 
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10  KEV  PROTONS,  1.4  X 10^’  PROTONS-CVt2  SEC“^ 

SPECULAR 

REFLECLANCE, 

PERCENT 


F^re  1.  Specular  reflectance  of  MgF 2 coated  mirror. 


no  change  in  reflectance.  The  upper  curve  in 
figure  1 shows  reflectance  before  irradiation; 
the  lower  curve,  reflectance  after  exposure  to 
an  integrated  flux  of  1 x 10*®  protonscnf*. 
Some  intermediate  curves  are  also  shown. 
Because  the  protons  induced  contaminant 
films  to  be  deposited,  the  reflectance  change 
is  not  due  only  to  protons. 

Maximum  changes  in  reflectance  occur 
at  2100  angstroms,  which  is  very  pronounced 
in  this  plot,  and  also  at  1100  angstroms, 
which  is  more  difficult  to  see  because  of  the 
slope  of  the  curves  in  this  wavelength  region. 
Therefore,  the  changes  in  reflectance  are 
shown  in  figure  2.  The  percent  of  change  in 
reflectance  is  plotted  against  wa''elength  for 
the  same  integrated  fluxes  as  shown  in 
figure  1.  The  change  in  reflectance  at  1100 
angstroms  shows  as  a sharp  peak  on  this  plot; 


for  an  integrated  flux  of  1 x 10*®  protons- 
cm"*,  the  change  in  reflectance  is  approxi- 
mately 30  percent  at  both  1100  and  2100 
angstroms.  Subsequent  experiments  with 
relatively  thick  magnesium-fluoride  coatings 
showed  that  contaminant  films  as  thin  as  50 
angstroins  could  produce  reflectance  changes 
as  large  as  30  to  40  percent  at  minimum  inter- 
ference positions  while  producing  essentially 
no  change  at  maximum  interference  positions. 

The  effect  of  flux  and  integrated  flux  on 
reflectance  degradation  is  shown  in  the 
change  in  reflectance  at  2100  angstroms  wave- 
length, figure  3,  The  percent  of  change  in 
reflectance  is  plotted  against  the  integrated 
proton  flux  for  proton  fluxes  from  2 x 10’  to 
1.4  X 10**  protons-cm"*  sec"* . The  increase 
in  reflectance  degradation  with  integrated 
flux  is  readily  apparent.  The  main  point  to  be 


SURFACE  DEGRADATION  IN  PROTON  ENVIRONMENT 


10  KEV  PROTONS,  1.4  x 1o"  PROTONS-CM^  SECT^ 


REFLECTANCE 

CHANGE, 

PERCENT 


INTEGRATED  FLUX 
PR0T0NS-CM“2 


5,3  X 10’^ 


5000  6000 


WAVELENGTH,  ANGSTROMS 


Figwre  2.  Reflectance  degradation  ofMgF 2 coated  mirror. 


made,  however,  is  that  degradation  increases 
at  the  lower  flux  levels,  which  require  the 
longer  exposure  times. 

Because  mirror  surfaces  are  particularly 
sensitive  to  contamination,  the  contamination 
level  in  the  vacuum  chamber  was  studied 
extensively.  Samples  exposed  to  tlie  vacuum 
environment  for  as  long  as  two  weeks  with 
the  proton  beam  off  showed  no  appreciable 
change  in  reflectance;  yet,  the  increased 
reflectance  degradation  with  lower  flux  levels 
or  increased  exposure  times  indicated  depo- 
sition of  a contaminant  film.  In  further 
studies  to  determine  the  presence  of  con- 
taminant films,  it  was  found  that  contaminant 
films  were  deposited  on  the  mirror  samples 
but  only  where  the  surface  had  been 
irradiated. 

During  the  course  of  the  contamination 
studies,  methods  of  removing  the  films 
without  damaging  the  reflective  surface  were 


also  investigated.  A method  using  atomic 
oxygen  was  developed  that  appears  partic- 
ularly promising. 

The  change  in  reflectance  due  to  clean- 
ing with  atomic  oxygen  is  shown  in  figure  4. 
Specular  reflectance  in  percent  is  plotted 
against  wavelength  in  angstroms.  The  curves 
for  before  irradiation  and  after  1 x 10‘* 
protons-emT^  are  the  same  as  shown  in 
figure  1.  After  inadiation,  the  sample  was 
exposed  to  atomic  oxygen  for  5 minutes;  the 
reflectance  nearly  returned  to  the  before- 
irradiation curve  shown.  It  should  not  be 
concluded  that  practically  all  degradation  was 
due  to  contamination  and  that  practically  no 
degradation  would  be  obtained  from  protons 
because  the  contaminant  film,  as  it  was 
deposited,  may  have  prevented  some  proton 
damage  or  the  atomic  oxygen  cleaning  process 
may  have  bleached  some  of  the  proton 
damage. 
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REFLECTANCE 

CHANGE 


AT  2100  &, 
PERCENT 


FLUX,  PR0T0NS-CNT2  SEC 


The  data  presented  are  for  magnesium- 
fluoride*coated  Cer-Vit  mirrors.  Similar 
results  were  also  obtained  for  mirrors  with 
lithium -fluoride  coatings.  It  should  also  be 
noted  that  magnesium-fluoride-coated  silver 
mirrors  on  space  satellite  ATS-IIl  in  synchro- 
nous orbit  have  experienced  degradation.  In 
the  3000-to-4000-angstrom  waveband,  reflec- 
tance has  decreased  approximately  40  percent 
on  an  unshielded  mirror  and  approximately 
10  percent  on  a mirror  with  a fused  silica 
shield  that  would  stop  protons. 


Summary 

From  reports  of  window  contamination 
on  spacecraft  and  the  proton-induced 


contamination  of  the  present  study,  it  appears 
that  contamination  of  mirror  surfaces  in  space 
may  be  a more  serious  problem  than  proton 
degradation.  Studies  of  both  types  of 
degradation  should  be  continued.  Any  studies 
of  contamination  of  mirror  surfaces  in  a 
vacuum  environment  should  include  a 
radiation  source  because  some  types  of  con- 
taminant films  may  not  be  deposited  without 
irradiation.  Investigation  of  proton  effects  on 
mirror  surfaces  requires  an  ultra-clean  vacuum 
system  be  used.  This  should  include  elimi- 
nation of  all  elastomer  seals  as  well  as 
pumping  systems  using  oils.  Finally,  a mirro^ 
cleaning  method  has  been  developed  that  uses 
atomic  oxygen;  this  cleaning  method  may 
have  application  to  cleaning  mirror  surfaces  in 
space. 
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The  Design  of  Lightweight  Cer-Vit 
Mirror  Blanks 

George  A.  Simmons  K70-36706 

Owens-Illinois,  Inc.  • * 


Introduction 

5 The  Orbiting  Astronomical  Observatory 
1 (OAO)  program  being  carried  out  by  NASA 
has  aroused  considerable  interest  in  minors 
f that  will  be  of  suitable  design  for  Izuuching 
and  performance  in  an  earth  orbit  A tech- 
nical review  of  the  requirements  for  orbiting  a 
T large  optical  telescope  will  undoubtedly  point 
t to  the  necessity  of  having  a lightweiglit 

• mirror.  Therefore,  this  paper  is  concerned 

• with  a new  technique  for  producing  light- 

l weight  mirror  blanks  from  Cer-Vit®  C-IOl 

material.  After  a brief  description  of  the 

• material  properties  that  are  important  in  light- 
weight mirrors,  the  technique  for  producing 
the  mirrors  is  outlined.  Its  advantages  and 
limitations  are  given  and  some  structural 
designs  that  can  be  produced  are  shown.  A 
complex,  but  thorough,  mathematical  analysis 
of  three  specific  mirror  designs  was  per- 
formed, and  the  results  are  given  in  the  form 
of  calculated  deflection  profiles  of  the  light- 
weight mirrors.  A tentative  design  is  presented 
for  a 120-inch-diameter  lightweight  mirror. 
Further  studies  needed  to  achieve  an 
optimum  design  for  a very  large  orbiting 
mirror  are  listed  in  this  paper. 

Material  Properties 

Cer-Vit  C-101  material  is  4 member  of  a 
relatively  new  family  of  microcrystalline, 
^ polycrystalline  materials  called  *"glass- 

i-  ceramics.”  (Adequate  descriptions  of  ^ass- 

I ceramics  are  available  in  reference  1.) 
Appendix  A briefly  outlines  pertinent  infor- 
mation on  the  properties  of  Ce^Vit  C-101 
that  are  of  importance  in  lightweight  mirror 


prr  unction  and  performance;  namely,  polish- 
a Jity,  expansion  coefficient,  stiffness,  micro- 
cr'ep,  and  wfability.  It  is  clear  from  these  data 
that  the  C-101  material  represents  a signifi- 
cant advancement  over  the  materials  pre- 
viously used  to  make  mirror  blanks. 

Lightwei^t-Mirror  Production  Technique 

The  technique  now  in  use  (ref,  2)  lor 
producing  lightweight  mirror  blanks  of 
Cer-Vit  C-IOl  material  involves  the  machining 
of  cavities  into  a solid  blank.  This  approach 
permits  a thorough  inspection  for  quality 
before  adding  the  expense  of  the  machining 
operation.  Having  passed  these  quality- 
assurance  inspections,  the  solid  blank  is 
processed  through  the  machining  area  for 
removal  of  the  as-cast  surfaces.  Holes  are 
machined  into  the  back  of  the  blank  corre- 
sponding to  the  chosen  web-structure  arrange- 
ment. Machine  tools  operating  through  these 
holes  are  used  to  undercut  the  backplate,  thus 
enlarging  the  holes  into  accurately  positioned 
cavities  and  leaving  the  specified  web  struc- 
ture between  cavities.  Tlds  machining  tech- 
nique assures  dimensional  control  of  all 
surfaces,  which  are  then  comparable  to  the 
surfaces  achieved  with  normal  metal-working. 
After  removal  of  the  desired  mass  of  material 
from  the  cavities,  the  mirror  is  brought  to  its 
final  external  dimensions.  The  machining 
completed,  the  blank  is  add-polished  to  re- 
move any  surface  imperfections  that  have 
been  generated,  thus  returning  thd  blank  to  its 
original  strength.  Studies  show  that  the 
polishing  removes  any  tiny  surface  imperfec- 
tions that  might  act  as  stress  concentrators.  In 
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addition,  a significant  strengthening  results 
irom  the  acid-polishing. 

This  method  provides  a completely 
monolithic  structure  and  incorporates  a large 
radius  fillet  for  added  strength  between  webs 
and  between  each  webiand  the  adjoining  back 
and  ^i^pj«ta*  aiculatkwtr:  ^w  that  the 
center  deffeoticii'ohn  edfe«.s«pprted  plate  is 
reduced  to  0.43'/  times  that  deflection  by  this 
incorporation  of  a fillet  into  the  structure 
thereby  significantly  increasing  the  structural’ 
stillness  and  improving  stress  distribution. 

This  process  of  machining  cavities  into 
the  blank  offers  a broad  freedom  in  mirror 
design.  A wide  variety  of  cavity  sizes  and 
shapes  can  be  produced,  and  the  web  thick- 
ness and  locations  can  be  freely  varied.  The 
process  does,  however,  impose  some  limita- 
tions. At  present,  the  holes  in  the  backplate 
tiiat  open  into  large  cavities  must  be  at  least 
2-1/4  inches  in  diameter  to  permit  entry  of 
the  working  tools.  Efforts  arc  being  made  to 
deve  op  tooling  that  will  operate  through 
smaller  holes.  Web  thickness  down  to  1 /4  inch 
IS  normal,  but  1 /8-inch-thick  webs  can  be 
produced.  The  weight  reduction  achieved 

configuration 

chosen.  The  ideal  size  and  shape  of  the 
cavities  will  be  determined  by  the  shape  and 
size  of  the  mirror,  the  degree  of  light- 
wei^ting,  and  the  method  of  mounting.  Sat- 
isfactory reductions  in  weight,  such  as  75 
percent  removal,  can  be  achieved  readily. 
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Lightweight  Designs 


The  design  of  an  optimum  lightweight 
mirror  is  a complex  matter.  First,  the 
stiffness-to-weight  ratio  that  is  to  be  achieved 
must  be  defined.  Whether  the  emphasis  will 
be  pi^^y  on  stiffness  or  primarily  on 
depend  upon  the  intended  appli- 

Tluee  specific  designs  were  chosen  for 
companson  in  order  to  illustrate  more  com- 
pletely  the  capabilities  of  the  lightweiglit- 
mirror  production  technique.  These  designs 
conton  triangular,  square,  and  hexagonal 
cavitiw,  respectively.  Each  of  these  mirrors  is 
64  inches  in  diameter  and  12  inches  thick.  A 


solid  Cer-Vit  C-IO!  mirror  of  thc.e  dimen- 
sions would  weigh  3475  pounds.  These 
dimensions  were  chosen  lo  obtain  a light- 
weight mirror  weighing  about  1000  pounds 

"‘^^^.‘"tended  to  indicate  what  we 
consider  to  be  an  optimized  design;  rather 

^!lf ^ present  state-of-the- 

art.  The  faceplates  are  1-inch  thick,  easily 

generation  of  a 
waffled  or  quilted”  surface  during  the 
inishing  operation.  It  has  been  decided  to 
Mke  the  backplate  1-1/2  inches  thick,  thus 
obtmmng  a backplate  of  the  same  weight  as 
the  front  plate.  Again,  this  does  not  represent 
an  optimum  configuration  because  the  weight 
backplate  by  machim% 
could  be  used  elsewhere  more  effectively  to 
gain  ^eater  stiffness  than  by  increasing  the 
backplate  thickness,  as  was  done  here. 

Figure  1 is  a cutaway  view  of  a typical 
mirror  containing  triangular  cavities,  and 
figure  2 IS  an  engineering  drawing  of  this 
specific  64-inch  mirror  blank.  Each  cavity 
contains  an  entrance  hole  (IVi  inches  in 
^ameter)  in  the  backplate.  The  ribs  are 
0 20.inch  tmck.  All  fillets  at  the  intersection 
of  nbs  with  one  another  and  with  the  front 
and  back  plates  have  3/4-inch  radii.  This 
leaves  a large  post  of  material  at  the  intersec- 
tio^n  of  each  set  of  six  triangles.  Weight  was 
reduced  at  littie  expense  to  the  stiffness  by 
removing  material  from  the  centers  of  these 
posts  by  machining  a li4-inch-diameter 
cylindncal  cavity  into  them.  TTie  cente^to- 
center  distance  of  these  holes  is  7.30  inches. 


f'fgurt  1.  of  ty/^cal  mirror  containing 

triangular  cavities. 


Figure  2.  Ertgineering  drawing  of  64-inch  mirror  blank  with  triangular  cavities. 


The  height  of  each  equilateral  triangle  is  5-1/4 
inches.  This  blank  contains  138  large,  shaped 
cavities  and  55  small,  cylindrical  cavities. 
Despite  the  removal  of  extra  weight  in  the 
posts,  this  mirror  weighs  1035  pounds. 

Figure  3 is  a cutaway  view  of  a mirror 
containing  square  cavities,  and  figure  4 is  an 
engineering  drawing  of  this  specific  mirror. 
Each  of  the  145  cavities  has  an  entrance  hole 
2-1/2  inches  in  diameter  except  for  a few  odd- 
shaped holes  near  the  edge.  The  ribs  are 
0.20-inch  thick,  and  all  fillets  have  3 /4-inch 
radii.  The  square  cells  are  4-1/2  inches  wide. 
This  mirror  weighs  985  pounds. 

Figure  5 is  a cutaway  view  of  a mirror 
containing  hexagonal  cavities,  and  flgure  6 is 
an  engineering  drawing  of  the  64-inch  mirror. 


Each  of  the  145  cavities  has  an  entrance  hole 
2-1/2  inches  in  diameter  except  for  a few  odd- 
shaped holes  near  the  edge.  The  ribs  are 


Fifurt  3.  Cutaway  view  of  mirror  containing  square 
cavities. 
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Figure  4.  En^neering  drawing  of  mirror  with  square  cavities. 


0.20-inch  thick,  and  all  fillets  have  3 /4-inch 
radii.  The  hexagonal  cells  are  5.2  inches  from 
wall  to  wall.  This  mirror  weighs  only  880 


Figures,  cutaway  viewof  mirror  containing  hexago- 
nal cavities. 


pounds  even  though  it  has  the  same  number 
of  cavities  as  the  mirror  shown  in  figures  3 
and  4. 

Calculations  of  Stiffness 

Owens-Illinois  scientists  have  adapted  a 
computer  program  (ref.  3)  for  calculating  the 
deflection  under  load  of  lightweight  mirror 
blanks.  This  is  a very  generalized  program  and 
will  handle  any  mirror  shape  with  any  module 
shape  and  size  and  any  specified  mounting 
system.  The  general  principles  of  the  mathe- 
matical treatment  are  given  in  Appendix  B. 
Because  of  its  general  form,  the  program  re- 
quires the  use  of  a very  large  computer,  such 
as  the  CDC  6600,  to  handle  mirrors  as  big  as 
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f . Figure  6,  Engineering  drawing  of6Hnch  mirror  with  hexagonal  cavities. 

I, 


If  the  64*inch>diaineter  mirrors  described  above 
r and  larger.  Although  this  program  has  given 
results  in  a^eement  with  known  plate- 
4 bending  experiments,  it  has  not  been  checked 
1 against  measured  values  on  a lightweight  mir- 
ror but  should  be  quite  accurate. 

The  computer  program  has  been  used  to 
, calculate  the  deflection  of  the  three  specific 
! lightweight  mirror  Uanks,  assuming  that  they 
are  edge-supported  and  that  the  deflection  is 
f due  only  to  their  own  weight  under  normal 
gravity  conditions.  A typical  result  of  these 
f calculations  is  given  in  figure  7,  wMch  shows 
deflection  profiles  for  the  mirror  blank  con- 

itaining  the  square  modules.  Similar  results 
have  been  obtained  for  the  mirrors  containing 
the  triangular  and  hexagonal  modules.  All  of 


these  results  are  summarized  in  table  1,  which 
reveals  that  all  the  lightweight  mirrors  are 
actually  stiffer  than  a corresponding  solid  mir- 
ror. it  can  readily  be  seen  that  the  mrrror 
blank  containing  hexagonal  cavities  is  superior 
to  the  other  two.  Not  only  is  it  the  lightest 
weight  blank,  but  also  it  is  the  stiffest  blank, 
deflecting  less  than  one-half  as  much  as  the 
solid  blank  and  90  percent  as  much  as  either 
of  the  other  lightweighted  blanks.  Therefore, 
the  blank  with  hexagonal  cavities  decidedly 
has  the  best  stiffness-to-weight  ratio  of  these 
three. 

Again,  it  should  be  emphasized  that 
these  mirror  designs  do  not  represent  opti- 
mized designs.  Owens-Illinois  does  have,  how- 
ever, a method  that  probably  can  be  used  to 


f 


1 


i 


•» 

i 


224 


omCAL  TELESCOPE  TECHNOLOGY 


Figun  7.  Dtfltctiwi  pfoflles  fof  nUttof  blonk  conttbting  tgutm  nodules. 


optimize  these  mirror  designs  after  appiopri* 
ate  boundary  conditions  and  objectives  have 
been  established.  It  should  therefore  be 
po^ble  to  select  the  minimum  faceplate 
thickness  to  avoid  waffling,  the  mirror 
diameter  desired,  the  maximum  blank  thick- 
ness, the  mounting  technique,  etc.,  and  then 
to  determine  an  optimum  design.  1 am  quite 
positive  that  a better  stiffness-tO’Weight  ratio 
than  that  shown  here  can  be  achieved  through 
such  optimization  of  the  design. 

A 1 20-Inch-Diameter  Mirror 

Figure  8 shows  a tentative  design  for  a 
120-inch  lightwei^t  mirror  Uank.  This  is 
included  because  it  seems  to  be  a size  of 


particular  interest  to  those  participating  in  the 
Optical  Telescope  Technology  Workshop. 
Again,  this  represents  the  present  stateK>f-the- 
art  extended  to  a larger  size  rather  than  an 
optimum  design.  Because  of  the  results 
obtained  above,  the  hexagonal  cell  structure 
was  chosen  for  this  mirror.  The  ptimaiy 
objective  of  this  design  is  to  achieve 
maximum  lightweighting  rather  than  stiffness. 
Despite  the  much  larger  mirror  size,  no 
attempt  has  been  made  to  enlarge  the 
modules  beyond  the  size  used  in  the  64-incb- 
diameter  mirror.  Figure  8 shows  a 120-inch- 
diameter  mirror,  20  inches  thick,  with  451 
cavities,  each  5.2  inches  wall-to-wall  except 
for  odd-shaped  cavities  at  the  edge.  Again,  the 
webs  are  0.20-inch  thick,  and  the  fillets  have 


Figures.  Tentatiivde$lptfijr  12(FiHchUghtwe1i^t mirror bbmk. 


3/4-inch  radius.  A solid  Cer-Vit  mirror  blank 
of  this  same  size  would  weigh  20,400  pounds. 
This  lightweight  mirror  is  calculated  to  weigh 
32SO  pounds,  representing  an  84-percent  re- 
duction in  weight. 

Insuflident  tinr^e  was  available  to  calcu- 
late the  stiffness  of  this  mirror  Uank  by  using 
the  precise  computer  program.  Instead,  its 
center  deflection  when  edge-supported  was 
estimated  by  using  mathematic^  approx- 
imations, which  probably  give  an  answer 
within  20  percent  of  the  correct  value.  As 
seen  in  table  1,  this  particular  large  mirror 
sags  less  under  its  own  weight  thu  does  a 
solid  mirror  blank  of  the  same  size.  This  is 
trie  even  though  84  percent  of  the  weight  of 
the  sedid  blank  has  b^  removed  in  the  li^t- 
wei^ting  process.  Thus,  this  mirror  has  a 


distinctly  better  stiffness-to-weight  ratio  after 
lightweighting.  Further  decreases  in  the 
amount  of  sag  can  be  obtained  if  a di^erent 
type  of  support  is  used  rather  than  the  edge 
support  It  is  necessary  to  design  the  entire 
qrstem  of  mount  and  mirror,  rather  than 
designing  the  mirror  alone,  if  ihe  optimum  is 
to  be  achieved.  Further  improvements  could 
be  made  if  Cer-Vit  material  were  used  fw 
structural  members  (such  as  spacer  rods)  in 
the  overall  telescope  system. 

Future  Work 

Considerable  work  remains  to  be  done 
before  a truly  optimum  mirror  design  has 
been  achieved  and  refined,  but  the  basic  tech- 
nedogy  for  doing  this  does  exist  at  the  jaresent 
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Table  1.  Calculated  Stiffness  of  Lightweight  Mirrors 


64-Inch  Diameter  Mirrors,  Edge-Supported 

Calculated 

Deflection 

Weight 

1 

Figure  of  Merit 

(pin.) 

(X) 

(lb».) 

(stiffness/weight) 

Solid 

36 

1.66 

3,475 

0.8 

Square  cavities 

16.4 

0.76 

985 

6.1 

Triangular  cavities 

15.4 

0.71 

1,035 

6.3 

Hexagonal  cavities 

14.4 

0.66 

880 

7.9 

120>lnch-Diameter  Mirror 

Estimated 

Deflection 

(pin.) 

(X) 

Solid,  edge-supported 

158 

7.3 

20,400 

0.0.3 

Hexagonal  cavities, 
ring-supported  at  edge 

O'?  9 

5.3 

3,250 

0.30 

time.  An  experiment  should  be  run  to  con- 
Arm  the  results  of  the  computer  program  for 
calculating  stiffness;  i.e.,  by  comparing  the 
calculated  and  actual  measured  deflection  on 
a good^ized  lightweight  mirror.  Experiments 
should  be  run  to  determine  the  minimum 
faceplate  thickness  that  can  be  used  with 
various  cavity  sizes  and  still  avoid  a waffling 
effect  from  the  finishing  operations.  The 
Owens-Illinois  optimization  technique  should 
be  further  refined  and  then  used  to  determine 
the  optimum  combinationof  mirror  thickness 
and  cell  size  for  a selected  mirror  diameter  io 
achieve  a minimum  weight.  By  this  means,  a 


minimum  weight  mirror  can  be  designed 
having  an  optimum  stiffness-to- weight  ratio. 
Further  desigt.  work  should  be  done  to  insure 
that  the  mounting  system  also  makes  the 
maximum  contribution  to  the  miiror  stiff- 
ness. 
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Appendix  A 

Pertinent  Properties  of  Cer-Vit®  Material  C-101 


Polishability 

It  has  been  shown  that  Cer-Vit  C-101 
polishes  as  'veil  as,  if  not  better  than,  fused 
silica  (ref.  4)  using  conventional  polishing 
techniques  (ref.  5). 

Expaiision  Coefficient 

The  AL/L  curve  showing  change  in 
length  per  unit  length  of  Cer-Vit  C-101  is 
shown  in  figure  A-1.  The  curve  for  Cer-Vit 
C-101  is  quite  flat  and  lies  near  the  zero- 
expansion  line  over  a wide  temperature  range. 

Stiffness  or  Load-Bearing  Capability 

The  Young’s  modulus  (9.42  x 10* 
Kg/cm*)  of  Cer-Vit  C-101  is  about  25  percent 
higher  than  that  of  fused  silica,  thus  indi- 
cati.;g  that  C-101  is  a significantly  stiffer 
..laterial.  'Phis  advantage  can  be  somewhat 
offset  by  the  density,  which  is  15  percent 
higher  than  that  of  fused  silica.  Neve’-theless, 
Dietz  and  Barnes  (ref.  6)  have  calculated  that 
equivalent  deflection  is  obtained  with  solid 
miiTors  having  a 7-to-l  ratio  of  diameter  to 
thickness  for  C-101  and  a 6-to-l  ratio  for 
fused  silica.  Therefore,  Cer-Vit  C-101  has  a 
significant  net  advantage. 

Microcreep 

A 6-inch  flat  (to  1/4  w.velength)  of 
Ce^Vit  C-101  was  iefonrev,  50  wavelengths 
in  a vacuum  chuck  and  held  thus  for  4 
montns  at  room  temperature  (ref.  6).  The 
calculated  maximum  stres'  was  over  5,000 
pounds  per  square  inch:.  hov;evcr,  within  7 
seconds  after  the  force  v as  removed,  the  sur- 


face was  examined  interferometrically;  and  no 
detectable  change  from  the  ori^nal  flat  con- 
tour was  found. 

A precise  measurement  of  microcreep  is 
difficult,  but  the  Boeing  Company  (ref.  7)  has 
determined  the  nonrecoverable  (plastic) 
microstrain  characteristics  of  Cer-Vit  C-101, 
7940  silica,  and  7971  ULE  silica,  by  using 
relaxation  curves  to  measure  shear-strain 
decay  as  a function  of  time  after  load  release. 
The  Cer-Vit  C-101  samples  gave  reproducible 
results,  indicating  uniformity  and  stability  of 
characteristics.  The  original  7940  an<t  ^ILE 
silicas  gave  inconsistent  resu'ts  from  sample  to 
sample,  indicating  a dependence  on  thermal 
history.  After  being  subjected  to  a uniform 
heat  treatment,  these  specimens  gave  repro- 
ducible results.  The  final  results  indicate  that 
all  three  materials  have  roughly  comparable, 
nonrecoverable,  microcreep  characteristics. 

The  microcreep  properties  of  Cer-Vit 
C 101  and  fused  silica  were  determined  at 
Owens-Illinois,  Inc.,  using  loading  cun’es  of 
deflection  with  time  after  application  of  lead. 
Data  obtained  from  three  creep  determina- 
tions with  Ce^Vit  C-101  were  reproducible 
and  exhibited  little  scatter.  Data  obtained 
from  three  identical  creep  determinations 
with  fused  silica  were  not  reproducible  and 
exhibited  considerable  scatter.  Due  to  the 
lack  of  reproducibility  of  the  fused  sUica  data, 
it  could  only  be  concluded  that  Ce^Vit  C-101 
and  fused  silica  have  similar  microcreep 
characteristics. 

Stability 

In  1964,  a 16-inch-diameter  spherical 
mirror  of  Cer-Vit  C-101  material  was  fimshed, 
wd  a photograph  was  taken  of  its  surface 
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THERMAL  EXPANSION  CURVE  OF  C-101 


contour  deviation  by  using  a standard  knife- 
edge  technique.  This  procedure  has  been  re- 
peated each  year,  and  the  new  photographs 
have  been  carefully  compared  by  experienced 
opticians  with  the  original  photograph.  No 
variation  in  the  mirror  has  been  detected, 
indicating  a stability  of  at  least  5 years’  dura- 
tion for  a finished,  Cer-Vit  C-101,  mirror- 
blank  surface  under  ambient  conditions. 

A single  sample  of  Cer-Vit  C-101 
material  has  been  periodically  subjected  to  a 
thermal  cycle  from  liquid  nitrogen  tenip- 
ture  (minus  200“C)  to  300°C.  This  has  b>.en 
done  seven  times  in  the  last  3 years.  ITierr*  has 
been  no  detectable  change  in  its  theimal  ex- 
pansion coefficient  during  this  period  despite 
this  thermal  cycling. 

Samples  of  C-101  were  exposed  (ref.  6) 
to  constant  elevated  temperatures  for  8000 
hoius  (essentially  1 year)  in  an  attempt  to 


accelerate  any  change  that  might  occur.  No 
measurable  change  occurred  in  thermal  ex- 
pansion coefficient,  density,  or  transparency 
at  or  below  425°C.  These  properties  are  sensi- 
tive indicators  of  changes  that  can  occur  in 
Ce^Vit  C-101  at  much  elevated  temperatures 
after  long  time  periods. 

Questar  has  recently  encountered  (ref.  8) 
an  instance  in  which  one  of  its  telescopes  was 
exposed  to  a fire  sufficiently  hot  to  melt  the 
aluminum  parts  and  mirror  coating  (above 
1 100°F).  Even  with  this  exposure  to  a very 
high  temperature,  no  change  could  be  de- 
tected in  the  precisely  finished  figure  of  the 
Ce^Vit  C-101  mirror  in  the  telescope. 

A 16-inch,  f/5,  Ce^Vit  C-101,  spherical 
mirror  was  finished  and  tested  interferomet- 
rically;  a computer^drawn  plot  was  made  of 
the  suiface  (ref.  6).  The  rms  deviation  from  a 
perfect  sphere  was  1/40  wavelength.  After 
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27  months,  the  test  was  repeated,  and  no 
greater  deviation  from  a perfect  sphere  was 
found,  indicating  stability  with  very  precise 
testing. 

Cer-Vit  C-lOl  blanks  have  been  finished 
to  a flat  by  Aerojet-General,  Azusa,  Califor- 
nia. They  were  aluminized,  overcoated  with 
silicon  monoxide,  tested  interferometrically, 
and  subjected  to  a cryogenic  thermal  shock 
by  immersdon  in  liquid  hydrogen  to  20°K. 
Upon  return  to  room  temperature,  they  were 
again  tested;  comparison  with  the  original 
interference  patterns  showed  no  detectable 
change.  Examination  of  the  aluminum  and 
the  overcoat  also  revealed  no  change.  One  of 
the  flats  was  tested  interferometrically  while 
at  20°  K,  and  no  detectable  change  in  the  flat- 
ness was  observed. 

Ability  to  be  Cut 

The  Muffoletto  Optical  Company 
generated  a spherical  surface  on  a round, 
1 1'^-inch  diameter  Cer-Vit  blank  containing  a 
maximum  of  7 millimicrons  per  centimeter 
total  strain  birefringence,  then  sawed  it  into  a 
rectangular  shape,  ground  it  on  its  back,  and 
beveled  all  edges.  After  this  cutting  and  grind- 
ing, the  original  Foucault  test  was  repeated, 
and  no  change  in  the  original  radius  of  cur- 
vature of  2305  millimeters  was  found  (within 
0.25  millimeters).  The  figured  surface  re- 


mained spherical  within  0.044  of  a fringe  of 
5000  angstroms  of  light.  A similar  experiment 
with  a 6‘A-inch  diameter  blank  finished  flat 
within  1/30  wavelength  of  5876-angstrom 
light  revealed  no  measurable  change  in  flatness. 
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Appendix  6 

(Assembled  by  J.  B.  Foote) 


Free-Body  Analysis 

In  order  to  derive  the  equations  for  solution  of  the  bonding  of  a plate  or  slab,  it  is 
helpful  to  refer  to  a free-body  of  the  model  (ref.  3).  In  this  approach,  the  plate  or  slab  under 
consideration  is  converted  into  a corresponding  array  of  sectional  bars  connected  so  that 
they  repn  sent  the  bending  forces  exerted  upon  these  sections.  Consider  first  a section  of  the 
assemblec  slab  model  centered  ut  any  mesh  point  i,  j (fig.  B-1).  For  the  present,  the  x-bar 
to  the  left  of  point  i,  j is  called  Bar  a and  the  x-bar  to  the  right  of  point  i,  j is  called  Bar  b. 
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i/ 


Figure  B-1.  Typical  joint  i,j  taken  from  finite-etement  slab  model 


Figure  B-2  shows  these  same  bars  as  a free-body  with  other  members  of  the  model 
fixed  and  replaced  by  a system  of  equivalent  forces.  j represents  the  load  carried  by  the 
y-beam  at  this  intersection,  and  the  term  3^w/9y^  represents  the  restraint  of  the  y-beam, 
which  provides  the  Poisson’s  ratio  effect  in  the  x-beam  moment.  The  term  Sj  (w?^  j * 
represents  the  load  stored  in  the  fictitious  spring  closure  parameter.  Figure  B-3  shows  Ae 


d’w 


Hgure  B-2.  Free-body  of  joint  i,j  with  other  members  of  the  model  replaced  by  an  equivalent  force 

system. 


Figure  P-3.  Typical  joint  i,j  with  force  and  restraint  inputs  ^wn. 
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external  forces  that  can  be  applied  to  these  same  two  bars.  Combining  the  system  of 
equivalent  forces  and  external  loads  gives  the  general  free-body  of  the  slab  model  m 
figure  B-4.  This  free-body  is  for  a section  of  an  x-beam.  A similar  free-body  can  be  de- 
veloped for  the  y-beam  by  changing  all  x’s  for  y’s,  and  all  y’s  for  x’s.  For  clanty,  the 
symbols  on  this  free-body  are  redefined  as  follows: 


a,b 


- Temporary  bar  numbering  used  in  derivations  to  avoid 
confusio'). 

- The  torque  applied  to  the  a*^  bar  of  the  x-beam  by 
the  twist  hi  slab  s -^ent  a,  j . 

- Unit  torsional  stiffness  of  slab  element  a,  j 

' Average  bending  stiffness  of  an  ''rthotropic  plate  in  the 
X direction  at  Station  i,  j. 


(none) 

(inch-lb) 

(inch-lb) 


- Average  bending  stiffness  of  an  orthotrcpic  plate  in  the 
y direction  at  Station  i,  j. 

- An  integer  used  to  number  mesh  points,  Stations  and 
Bars  dlong  the  x-beams  in  the  x direction. 

- The  increment  length  along  the  x-beams. 


(inch-lb) 


(inch) 


* 
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hy  - The  increment  length  along  the  y-beams.  (inch) 

j - An  integer  used  to  index  parts  of  the  model  and  stationing 

in  the  y direction. 

M|^ . - The  bending  moment  in  the  x-beam^at  Station  i,  j / inch-lb  \ 

(equals  h^Mf.).  \ mcJT/ 

M|^  • > The  unit  bending  moment  in  the  slab  in  the  x direction  at 

Station  i,  j . (lb) 

i - The  axial  load  in  the  x-beam  in  Bar  i,  j (equals  h„Pf  •).  (lb) 

P-^  i - The  unit  axial  load  in  the  x direction  at  Station  i,  j . (Ib/inch) 

APf  j • Change  in  axial  load  in  the  x-beam  occurring  at  Station  i,  j . (lb) 

J 

Qj  j - The  externally  applied  load  at  point  i,j . (lb) 

of:  - The  load  absorbed  internally  by  the  x-beam  system  at 

Station  ij . (lb) 

j - The  load  absorbed  internally  by  the  y-beam  system  at 

Station  i,j . (lb) 

QBMX|  j - The  load  absorbed  internally  by  the  x-beam  in  bending.  (lb) 

QBMYj  j - The  load  absorbed  internally  by  the  y-beam  in  bending.  (lb) 

QTMXj  j - The  load  absorbed  by  the  x-beam  in  twisting.  (lb) 

QTMYj  j - The  load  absorbed  by  the  y-beam  in  twisting.  (lb) 

QPXj  j - The  load  absorbed  by  the  x-beam  system  due  to  axial  load.  (lb) 

QPYjj  - The  load  absorbed  by  the  y-beam  systen  ue  to  axial  load.  (lb) 

Sf  - Tlie  fictitious  spring  (closure  parameter).  (Ib/inch) 

S|  j - Support  value  under  the  slab  at  Station  i,  j.  (Ib/lnch) 

T*j  - External  torque  applied  to  Bar  a on  the  x-beam.  (lb-inch) 

V|[  j • Shear  in  Bar  a of  the  x-beam.  (lb) 

wf  4 - Deflection  of  the  x-beam  at  Station  i . (inch) 

4 - Deflection  of  the  i*^  y-beam  at  Station  j.  (inch) 

J 
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a„  ; - Angular  change  across  slab  element  a,  j . (rad) 

v^y  - Poisson’s  ratio  which  results  in  strain  in  the  y direction 

when  a stress  is  applied  in  the  x direction.  (none) 

Fyjj  - Poisson’s  ratio  which  results  in  strain  in  the  x direction 

when  a stress  is  applied  in  the  y direction.  (none  j 


Summing  vertical  forces  in  figure  B-4  at  joint  i,  j with  “up”  taken  aii  positive  gives 


px 

V: 


LJ 


= oy . + . 

1,  J a,  J 


V*  . - S.  . (w*  .) 
b,j  i,j  i,r 


Q.  . - Sf 
hi  f 


(w^  . - wX  .)  = 0 
1,  J h J 


(4.1) 


In  order  to  evaluate  the  shear  j , sum  the  moments  acting  on  Bar  a about  the  center  of 
the  bar.  (Clockwise  rotations  are  positive.)  For  equilibrium 


i,j  a,j  i,j  i,j+l  a,j  X 


+ 2P’'  . 
a,j 


= 0 


(4.2) 


Multiplying  through  by  h^  and  clearing  obtains 


-"xVi  j - - M!;;  ♦ T«  j * C?:  + Cf_:  ^ P*  ^ ^ <4.3) 


if 


likewise  summing  moments  about  Bar  b and  multiplying  through  by  h^  obtains  an  expres- 
sion for  the  shear  ■ as  follows: 


j = “u  • <i,i » Tjj  4 j + j + »fti,  j> 


(4.4) 


Multiplying  equation  4. 1 through  by  h^  and  substituting  equations  4.3  and  4.4  for  the  i 

shears  obtains  the  equation  of  interest.  After  convenient  grouping  of  terms  and  transfer  of 
all  known  values  to  the  right-hand  side  of  the  equation,  with  a sign  change,  it  becomes  i 

I 
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<<i , j - * “f+i , i>  ■ '■  ci:  j - cf,  i 41  * cf j 4 cf ) 

■Pii  <-”f.i**i‘4l,j>  + Sj  jl'x*U 


(4.5) 


This  equation  relates  forces  and  deflections  at  point  i,j,  but  all  of  the  prime  terms 
must  be  evaluated  further  before  the  required  mathematical  manipulations  can  be  per- 
formed. It  is  necessary  at  this  point  to  substitute  the  finite-difference  formulations  of 
moment.  It  is  convenient  to  express  these  in  compressed  central  difference  form.  Accord- 
ingly, they  aie  written  ai  Stations  i-l,j;  i,j;  and  i+l,j  and  are  substituted  into  the 
equation. 

The  term  Cj  j represents  the  fv/rce  exerted  on  the  x-beam  due  to  the  relative  rotation 
between  this  beam  and  its  neighbors.  These  expressions  must  be  written  for  at  Stations 
i,j;  ij+l;  1+1,  j;  and  i+l,j+l. 

After  making  these  substitutions,  equation  4.5  becomes 


^ 2h 

< i,i 


c?, 


/ »f.2,j  • 2»f-l,j  4 '“ilA  .1  - 2w!'.,j  + wy., 

V K i K ; 


yx  I 


— ^ 


Hi  K4l,i4w,^i,j'  ^ 

ht ) y*  I i? 


f4l.i-|-2»f4l,i4»!'4l,i4|\ 


4 *•  <-1.  j 4 «|;j  4 »f-I,  j4|  - »U  4|) 


C? 


^<-'*i!j4«'f41,j4W?j.,-wf^,  j.,) 


i. 

■> 
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■•>x  «3i,j-<3[;j+sKi>-T;,j*Tj_j 


(4.6) 


§■ 


It  is  convenient  in  computation  to  use  the  same  numbering  system  for  bars,  torsion 
bars,  and  joints.  So  far  in  these  developments  bars  have  been  referred  to  as  a and  b. 
Referring  to  the  numbering  system  shown  above,  it  will  be  recognized  that  in  reality  a 
becomes  i and  b becomes  i+1.  Therefore,  for  example,  j becomes  T-^  j , j becomes 

Pf +1  j > ' ' th 

This  will  be  an  implicit  solution  for  wf  j , the  deflection  of  the  j”  x-beam  at 

Station  i.  It  is  convenient  for  solution,  however,  to  utilize  the  last  estimated  values  for  all 

deflections,  w *,  not  falling  on  the  beam  for  a particular  iteration,  and  to  transfer  them 

to  the  right-hand  side  of  the  equation.  Furthermore,  all  of  the  y-beam  deflections  (wy^  •) 

will  be  assumed  known  from  a previous  iteration  and  will  also  appear  on  the  right-hand  side 

of  the  equation.  After  making  the  notation  change  of  a to  i and  transferring  known  values  to 

the  right-hand  side,  it  is  helpful  to  clear  fractions  and  to  rearrange  terms.  The  resulting 

equation  is  the  equation  we  seek;  it  is  most  conveniently  written  in  terms  of  five  unloiown 

deflections;  i.e.. 


*’‘<-2,3  + Vf.l, j + ®x< j + Vf+l. j + «x<+2,  j “ fx 
where 

bx 4 DJ  j)  • ■ CJ  j „ • hyt  j 


(4.7) 

(4.8) 

(4.9) 


hi 


^x  (<-l.  j <+l,  j)  ^ Cf.  J * J ^ < J +1 


+ <+l, j +1  + (Sy  + Sf)  + hy  (If  j + Pf+i  j) 


(4.10) 
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h* 


j ^ ■ ^‘*+u  ■ ^f+1,  j +1  ■ N’^r+u 


h?. 


e„  =-X  D^ 


X h* 


(4.11) 


(4.12) 


*x  = h,hy  (Qi  j - Qy  j + Sfwf  j ) + hy  (Tf  j + Tf^i  j) 

■"yx  [i’mj  t'^f-lJ-l*2'»^f-l,j^'^H,j+l> 

-2Dfj  (w^.,  -2..v^  + w?;j^,)  + K^lJ-l  -2w^lJ 

*^f+i.j+i>]  *CuK-i.j.r<j-i>-cfj+i  K-lJ+l-wfj+,) 

^^r+i.j  Kj-1  ^ ^f+i.j+1  Kj+1  ■'"f+u+i> 

One  term  remains  to  be  evaluated,  qX  . , the  load  absorbed  by  the  y-beams  at  any 
time.  This  load  can  be  evaluated  by  numerics!  differentiation  of  the  deflected  pattern  of  the 
y-beam  system,  but  it  can  also  be  done  from  the  free-body  analysis  by  summing  vertical 
forces  in  terms  of  load  absorbed  by  both  sets  of  beams,  Q-^  { and  Qy  {.  This  summation  on 
the  free-body  in  figure  B-4  gives 


•’u  ■ + Sf  <»u  --u'  -0 


(4.14) 


After  necessary  algebraic  manipulations,  the  appropriate  equation  for  evaluating  (^  j 
is  seen  to  be  as  follows: 


Tr:-Tf; 


- ®MYi_j  4 QTMY,_j  4 QPVjj  4-^^ 


(4.15) 


If  this  process  is  repeated  for  ««gment  of  y^beam,  equations  comparable  to  equa- 
tions 4.7  through  4. 1 3 can  be  developed  for  the  y-beams. 
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Summary 

Equations  4.7  through  4.13  conveniently  describe  the  model  at  Station  i,  j and  are 
statically  correct  since  the  summation  of  forces  at  any  time  during  the  solution  will  equal 
zero.  There  are  two  such  sets  of  equations,  one  for  the  x-system  and  one  for  the  y-system,  at 
each  mesh  point,  i,  j.  The  number  of  stations  in  each  direction  is  equal  to  ' le  number  of 
increments  plus  4.  As  an  example,  a problem  divided  into  eight  increments  in  the  x direction 
and  eight  increments  in  the  y direction  would  require  equations  at  12  stations  in  each 
direction.  Thus,  the  number  of  equations  required  to  describe  the  system  would  be  288, 144 
for  the  y>bcams  and  144  for  the  x-beams.  This  readily  explains  the  need  to  resort  to  digital 
computers  to  perform  the  mathematical  manipulations. 

Details  of  Solutions 

For  solving  the  large  number  of  simultaneous  equations  that  result  in  each  half-cycle  of 
the  alternating-direction  iterative  method,  Matlock  and  Haliburton  used  an  efficient  two- 
pass  method  to  solve  linearly  elastic  beam-columns.  The  method  involves  the  elimination  of 
four  unknowns,  two  each  in  two  passes.  The  first  pass  from  top  to  bottom  eliminates 
deflections  w^_2  equation.  (See  equation  4.7.)  The  second  pass,  in 

reverse  order,  eliminates  deflections  equation  and  thus  results  in 

the  solution  for  the  desired  deflection  v/f  • 

One  of  the  valuable  assets  of  this  method  is  that  boundary  conditions  as  normally 
discussed  are  automatically  provided  with  two  dummy  stations  specified  at  each  end  of  each 
beam  in  the  system.  These  dummy  stations  in  reality  have  no  bending  stiffness;  therefore,  a 
bending  stiffness  equal  to  zero  is  input  for  them.  Equation  4.7  is  then  formulated  for  every 
station  in  the  beam  plus  two  dummy  stations  on  each  end. 

To  solve  for  wj'^  j then,  we  consider  the  jrtate  to  be  two  systems  of  orthogonal  beams 
interconnected  at  Station  i.  j by  Sf , the  fictitious  closure-spring  constant.  Figure  B-S 
shows  a view  of  a grid-beam  system  with  closure  springs  acting  during  solution.  A 
comparable  view  of  the  slab  model  with  torsion  bars  present  is  shown  in  figure  B-6. 

With  the  beam-column  as  a basic  tool,  we  obtain  the  solution  of  the  system  of  equa- 
tions for  (dates  and  slabs  as  follows: 

1.  Solve  each  x-beam  successively  through  the  system;  consider  all  the  y-beams  to  be 
held  fixed  in  space.  At  any  particular  sdution  of  any  x-beam,  the  fictitious  closure  spring 
acts  as  restraint  on  the  x-beam  of  interest. 

2.  After  all  x-beams  have  been  sdved  and  their  new  deflection  (Mttem  is  known, 
alternate  or  change  directions;  and  fix  the  x-beams  in  fiiis  new  pattern. 
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/o 


Figure  B’S,  Grid  beam  system  during  closure  proceu  vitk  fictitious  spring  acting  between,  x-beam  and 

y-beam  at  Station  IJ. 


3.  Solve  for  the  deflected  shape  of  each  y-beam  in  turn.  The  fictitious  springs  nmv  uc* 
as  loads  or  restraints  on  the  y^beants,  sr'^'ing  to  transfer  the  load  that  has  been  stored  in 
them  from  the  deflected  x«beams. 

4.  Repeat  this  procedure  alternately  until  all  of  the  load  is  properly  distributed 
throughout  the  system.  At  this  point,  the  summation  of  static  forces  at  each  joint  in  the 
system  will  equal  zero  within  the  specified  tolerance,  and  the  deflection  of  the  vbeam 
system,  j , at  any  point  will  equal  ih.  deflection  of  the  y-beam  system,  w^  j , at  the 
same  point  within  the  specified  tolerance  vt  that  the  term  Sr  (wf  , • w^  ,)  vanishes. 
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0 


Figure  B-6.  Plate  represented  in  the  closure  process  as  two  ortho^ml  systems  with  closure  spring  acting 

between  them  at  Station  ij. 
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Lightweight  Mirror  Structures  * 

EricY.Loytty 
Corning  Glass  Works  ; ‘ 


Introduction 

Since  1925,  different  approaches  have 
been  followed  in  the  production  of  light- 
weight structures  for  astronomical  mirrors 
(refs.  1 and  2);  however,  with  the  increasing 
use  of  optics  in  sophisticated  airborne  appli- 
cations, weight  reduction  has  become  a severe 
problem.  Along  with  the  lightweight  require- 
ment, thermal  stability  has  become  super- 
critical for  the  implementation  of  a successful 
optical  system.  The  trend  in  critical  airborne 
or  orbiting  optical  systems  is  to  satisfy  the 
following  requirements: 

1.  A large  primary  min'or  capable  of 
detecting  faint  sources  and  increasing  the 
angular  precision  of  the  data  gathered  (ref.  3) 

2.  Lightweight  mirrors  capable  of  with- 
standing inertial  and  gravitation^  forces 

3.  Dimensional  stability  in  the  presence 
of  temperature  changes  and  thermal  gradients. 

The  primary  mirror  of  the  200-inch  Hale 
telescope,  located  on  Palomar  Mountain  in 
southern  California,  is  a good  example  of  the 
design  problems  involved  in  making  large 
lightweight  mirrors  because  its  design 


Hale  Telescope  Design 

The  material  chosen  to  manufacture  the 
200-inch  Hale  mirror  blank  was  developed  in 
the  Coming  Glass  Works  research  laboratory 
(ref.  4).  This  special  borosilicate  glass  ha:>  a 


*This  paper  is  an  adaptation  of  tlie  paper  “Ultra  - 
lightweight  Mirror  Blanks,”  by  E.Y.Loytty  and  C.F. 
De  Voe,  which  appeared  in  the  IEEE  Transactions 
on  Aerospace  and  Electronic  Systems,  pp.  300-305, 
Vol.  AES-5,  No.  2;  March  1969. 


embodies  all  of  the  technical  reasoning  used 
today  in  lightweight  mirror  designs, 
linear  coefficient  of  thermal  expansion  of 
2.5  X 10"®  ®C*.  Although  the  expansivity  of 
this  glass  was  one-third  that  of  a conventional 
soda-lime  composition,  a conventional  solid 
design  would  still  have  signiflcant  thermal 
distortions.  These  thermal  problems  were 
reduced  by  designing  the  mirror  with  a ribbed 
back  (fig.  1)  and  the  thickest  section  about  4 
inches  (ref.  5);  therefore,  no  point  in  the  disk 
has  more  than  2 inches  for  a surface.  This 
reduction  in  section,  along  with  the  increased 
surface  area  in  contact  with  the  surrounding 


if 
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air,  decreased  the  temperature  gradients  in  the 
mirror  due  to  ambient  temperature  changes. 

The  ribbed  design  also  permitted  a 
weight  reduction  without  a proportionate  loss 
of  J5j:iffn®ss.  For  an  equal  deflection,  under  its 
ovifi  |i^eighh.\a^folid  (fisl^^uld  have  to  be 
between  ^14tai^  f5  ^H|sii|liclj^(ref.  6)  and 
would  weigh  about  40  tons.  Tlie  ribbed  blank 
weighs  20  tons.  Thus,  a weight  saving  of 
50  percent  was  achieved. 

The  lack  of  a backplate,  however,  makes 
this  type  of  structure  very  inefficient  from  a 
weight/rigidity  standpoint.  A good  compar- 
ison is  an  I-beam  versus  a T-bar.  All  dimen- 
sions (except  the  bottom  section)  being  equal, 
the  I-beam  is  much  more  rigid.  In  fact,  it  has 
been  shown  (ref,  7)  that,  when  holes  over  0.2 
times  the  rib-spacing  are  placed  in  a two-plate, 
ribbed-core  structure,  substantial  weight/ 
rigidity  inefficiency  develops.  For  these 
reasons,  Corning  Glass  Works  has  concen- 
trated on  developing  fabrication  techniques  to 
allow  the  manufacture  of  mirror  blanks  with 
integral  front  plates  and  backplates. 

Fabrication  Techniques  for  Lightweight 
Mirror  Blanks 

The  following  must  be  included  in  any 
discussion  of  fabrication  techniques  for  light- 
weight mirror  blanks: 

Slotted  strut  assemblies 
Monolithic  core  structures 
Monolithic  core  process 
Core  design 
Mounting  blocks 
Available  configurations 
Machined  cores. 

Slotted  Strut  Assemblies 

The  technique  for  making  a dimension- 
ally  stable,  lightweight  mirror  blank  from 
lowexpansion  materials  evolved  from  the 
slotted  strut  or  eggerate  assembly  developed 
by  Coming  in  the  late  1950’s.  Figure  2 shows 
precision-ground  struts  being  fitted  together 
on  the  faceplate.  When  the  assembly  is 
complete,  the  tc  ^ ind  bottom  plates  are  fused 
to  this  assembly.  The  resultant  structure  is 


much  more  rigid  than  a solid  mirror  of  the 
same  weight  and  weighs  up  to  70  percent  less 
than  a solid  mirror  with  equivalent  deflection. 
Several  hundred  mirrors  have  been  man- 
ufactured using  this  technique. 


Figure  2.  Precision-ground  struts  being  fitted  together 
on  the  faceplate. 


Monolithic  Core  Structures 

During  the  early  !960’s,  it  became 
apparent  to  optical  system  designers  that 
more  effective,  large,  lightweight  mirrors 
would  be  possible  if  the  efficiency  of  the 
eggerate  core  could  be  improved  by  giving  it  a 
continuous  shear  path;  that  is,  by  removing 
any  discontinuities  from  the  ribs. 

The  possible  weight  saving  by  using  the 
monolithic  and  eggerate  types  of  blanks  is 
illustrated  by  the  following  example.  Let  us 
assume  mirror  blanks  with!  the  following 
dimensions: 

1.  80-inch  diameter  mirror,  square-cell 
core  structure 

2.  3.5-inch,  center-to-center  strut 
spacing 

3.  1-inch  front  plate  thickness 

4.  1 / 2-inch  backplate  thickness 

5.  1 5-p«rccnt  core  density. 

If  they  are  simply  supported  along  the  edge, 
the  following  thicknesses  are  required  for  a 
maximum  deformation  under  5X,  due  to  the 
weight  of  the  blanks: 
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Overall  Thickness 

Total  Weight 

Core  Type 

(in.) 

(lb.) 

Monolithic  (sealed) 

11.0 

1150 

Eggcrate  (slotted) 

15.0 

1400 

Solid 

12.8 

5043 

Thus,  a 72-percent  weight  saving  for  the  egg- 
crate  core  is  realized  over  the  equivalent  solid, 
and  an  additonal  weight  saving  of  5 percent 
(or  250  pounds)  is  obtained  by  using  a mono- 
lithic (one-piece)  core,  bringing  the  total 
weight  reduction  to  78  percent  of  the  equiv- 
alent solid.  Figure  3 shows  a typical  30-inch- 
diameter,  monolithic,  lightweight,  mirror 
blank. 


Figure  3.  Typical  30-inch-diameter,  monolithic,  light- 
weight, mirror  blank. 


Monolithic  Core  Process 

The  Coming  Glass  Works  process  for 
producing  a monolithic  core  consists  of  build- 
ing up  the  desired  configuration  by  fusing  pre- 
machMed  parts  together.  Figure  4 shows  a 
typical  fusion  joint.  Because  precision  parts 
are  used,  this  fusion  technique  allows  tight 
dimensional  control  on  both  the  overall  cell 
size  and  rib  'hickness.  An  added  benefit 
associated  with  the  use  of  a builtup,  fusable 
structure  is  repairability.  This  means  that  not 
only  can  a damaged-in-process  core  be 
reworked  but  also,  ii>  certain  instances,  repairs 
can  be  made  to  mirrors  damaged  in  finishing 
or  end  use. 


Figure  4.  Typical  fusion  joint  of  premachined  joints. 


Core  Design 

Figures  5 and  6 show  two  types  of 
monolithic  cores.  The  overall  size  of  these 
cores  is  technically  unlimited.  Figure  7 shows 
the  core  for  an  80inch-diameter  test  blank 
being  inspected.  There  are,  however,  process 
limitations  in  minimum  cell  size.  Present 
design  limitations  are  shown  in  table  1. 

Mounting  Blocks 

One  of  the  advantages  of  a fused  core  is 
that  mounting  blocks  can  be  fused  into  the 
core  structure.  Figure  8 illustrates  a solid 
block  fused  into  a triangular  cell.  There  is 
only  one  limitation  on  this  design.  For  proper 
fusion  to  occur,  there  must  be  a minimum  of 
a 0.375-inch  gap  between  the  core  wall  and 
the  block.  After  the  front  plate  and  backplate 
are  fused  onto  this  type  of  core,  holes  can  be 
drilled  into  the  blocks  and  mounting  arrange- 
ments made  on  the  neutral  axis  of  the  mirror. 
Figure  9 shows  a blank  that  was  made  utiliz- 
ing this  technique. 


Fiffire  8.  Solid  mounting  block  fused  into  a triangular 
cell 

Available  Configurations 


Grinding  a spherical  radius  on  one  or  both 
I sides  of  a monolithic  core  can  produce  a 
/ variety  of  mirror  configurations,  such  as 
plano-concave  or  concave-concave.  Sagging  or 
slumping  a plano-plano  mirror  blank  will 


Figure  6.  Monolithic  core  with  square  cells. 
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Table  1.  Design  Limitations  for  Fused  Monolithic 
Fnre  Structures:  Fused  Core,  Square  Cells* 


Rib  Thickness 

Core  Height 
(in.) 

Minimum  Cell 
Spacing, 

Center-to-Center 

(in.) 

Minimum 

(in.) 

Maximum 

(in.) 

under  5 

1.5 

0.060 

0.200 

up  to  10 

2.0 

0.100 

0.200 

up  to  25 

2.5 

0.100 

0.200 

*Triangulai  cells  can  be  substituted.  i:i  which  case  the 
minimum  cell  spacin;  he  increased  by  about 
SO  percent. 


Figure  9,  Mirror  blank  with  front  plate  and  bookplate 
fused  to  core  structure  into  which  mounting  blocks 
have  been  fused. 


produce  a uniform  thickness  concave-convex 
mirror  with  a spherical  radius  approximating 
the  required  radius. 

Machined  Cores 

A third  method  for  producing  light- 
weight mirrors  is  used  at  Coming  Glass  Works 
(fig.  10).  These  mirrors  have  a core  that  nas 
been  machined  out  to  mduce  weight;  both 
top  and  bottom  plates  are  fused  to  the  core. 


Figure  10.  Mirror  blank  with  machined-out  core  to 
reduce  weigfit. 


Although  refined  machining  techniques 
are  known  that  would  permit  large  per- 
centages of  weight  reduction  to  be  obtained, 
the  successful  manufacturing  of  large,  defect- 
free,  lightweight,  mirror  blanks  by  machining 
techniques  is  limited  by  two  conditions: 

1.  High  probabfiity  of  creating  chips, 
checks,  and  other  related  defects  in  the  core 
during  machining 

2.  Availability  of  large,  homogeneous, 
defect-free,  solid  blanks  for  the  core  matenal. 

It  now  appears  the  monolithic  core  or 
buildup  technique  provides  a much  higher 
probability  of  producing  a successful,  defect- 
free  blank  because  of  the  utilization  of  small 
parts  that  can  be  disassembled  and  replaced 
without  significant  losses  in  time  or  material. 

Results 

Many  of  the  lightweight  mirrors  pro- 
duced by  Coming  Glass  Works  have  been 
finished  to  diffraction-limited  tolerances. 

One  of  these  mirrors  is  the  Princeton 
OAO  mirror.  This  32-inch  eggerate,  illustrated 
in  figure  11,  has  some  unique  mounting  fix- 
tures inserted  in  the  core;  it  was  finished  to 
X/23.2  by  the  Perkin-Elmer  Corporation. 
Figure  1 2 is  a contour  plot  of  this  surface. 

Figure  13  shows  the  results  of  a Ritchey 
test  of  a ULE™  monolithic  mirror  that  is 
similar  to  the  mirror  blank  illustrated  in 
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Figure  IL  Unique  mounting  fixtures  inserted  in 
324nch  eggc^ate  core  structure. 


ADJUSTEO  flAOlUl  R • 214. 712  INCHES 

RERKiN  ELMER  /ONE  OUTSIDE  THE  V20SURFACE 


Figure  12.  Contour  plot  of  32-inch  Princeton  OAO 
mbror;  zones  outside  the  ±\I20  surface  after  radius 
optimization. 


figure  5.  Analysis  of  this  interferogram  indi- 
cates that  the  peak-to-peak  deviation  from 
curvature  is  approximately  0.04X. 

' Many  other  mirrors  have  been  finished 
with  similar  results;  however,  due  to  the  pro- 
prietary nature  of  the  test  procedures,  many 
companies  will  not  release  the  results. 


Figure  13.  Results  of  Ritchey  test  (0.04\rms)  of 
30-inch  ULE  monolithic  mirror. 

Conclusion 

The  combination  of  a new  material  with 
near-zero  thermal  expansion  and  the  mono- 
lithic core  technology  allows  lightweight 
mirror  structures  to  be  manufactured  with 
weight  savings  approacliing  80  percent  of  the 
equivalent  solid.  At  the  same  time,  this  com- 
bination provides  exceptional  thermal  and 
dimensional  stability. 
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Application  of  Finite  Element  Techniques  to  the  Design  and 
Manufacture  of  Astronomical  Mirrors 
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Introduction 

A recent  development  in  structural 
mechanics  that  has  revolutionized  problem 
analysis  in  civil  and  aeronautical  engineering  is 
the  finite  element  approach  (refs.  1,  2,  and  3). 
This  computer-oriented  method  permits  the 
analyst  to  treat  problems  of  continuum 
mechanics  as  well  as  trusses  and  frames  in  a 
very  general  way  without  becoming  exces- 
sively involved  with  the  detailed  behavioral 
aspects  of  the  problem  at  hand. 

The  method  operates  by  dividing  a two- 
or  three-dimensional  continuum  into  small 
segments,  triangles  or  rectangles,  over  which 
the  analyst  will  assume  that  the  strain  is 
uniform  or  distributed  according  to  some 
known  variation.  These  segments  ate  usually 
assumed  to  be  connected  by  pins  at  the  ver^ 
tices.  The  individual  force-deformation 
response  (that  is,  the  element  stiffness  matrix) 
is  known  from  simple  dasridty  by  using  the 
assumed  strain  function.  A number  of  equa- 
tions of  joint  compatibility  must  be  for- 
mulated and  solved  to  assure  that  all  common 
joints  between  elements  deform  equally.  This 
leads  to  matrix  operations  and  to  the  absolute 
need  for  highspeed,  large-capacity  computers. 

The  absolute  generality  of  the  method 
and  the  ease  of  use  makes  foe  finite  element 
method  an  ideal  tool  for  treating  foe  cmnplex 
elastomechanics  problems  that  will  arise  in 
foe  design,  manufacture,  and  operation  of 
telescope  nurror  structures  (refs.  4 and  5). 

Matrix  Structural  Analysis 

The  fdlowing  steps  outline  very  broadly 
foe  procedure  followed  in  finite  element  (as 
well  as  general  frame  element)  formulation. 


Assume  a relationship  between  the 
internal  displacements,  f,  and  the  node  dis- 
placements, 6,  of  an  element. 


jf|®  = [Nl*  |«|®  (D 

Strains  are  obtained  from  displacements. 

{Ef®  = (2) 

Stress^train  relationships  are: 

jo|®  = lDl«‘({E|-{Eo|  )«  (3) 

When  virtual  nodal  displacements  are  imposed 
and  the  principle  of  statioiuuy  potential 
energy  is  used,  the  force-displacement  rela- 
tionships become 

|f|«  [B1  T IDl  IBl  d(vol)j  |6}« 

-Jm  IDl  |Eo|d(vol) 

-yiN]  T|p|d(vol) 

The  element  stiffness  matrix  is  defined  by: 
lkl« -y*IBlTiDlIBld(vol)  (5) 


Nodal  forces  due  to  distributed  loads  are: 


lP|p  ■ -y* INI  ^ jp(  d (vo!)  (6) 
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Initial  strain  effects  are: 

= -y'lBl  T [D1  {Bold (VO) (7) 

‘ ♦ |Ft|_^  (8) 

For  node  equilibriuin  at  node  i,  R equals  the 
external  forces: 

{Rit  * E |Fit  <« 

m=l 

Replacii  g Fi, 


Take  an  individual  element  of  this  assembly 
and  formulate  its  elastic  behavior  (fig.  2) 


n 


Figure!  Element  formulation. 


m®l  ^ 

* Efrill  (10) 


assuming  a constant  strain  element;  then  the 
displacement  function  used  is: 

u * a|  ^ ttjX+  «3y 

V = 04  + a,x+  o^y  (i2) 


then  the  overall  equations  are  summed  over 
element  i 

(Rl-  (KH«t  + lF|pt  |F|e^(|1) 

As  a quick  example,  consider  a two- 
dimensional  region  dMd^  into  triangular 
elements  (fig.  1). 


j 

Figure  t.  PlamregloHdMMintrimtiUarekmentt 


in  terms  of  joints  i,  j,  m 


(Ui 

T xj  yf 

«i 

u 

1 xj  yj 

Oj 

(Urn 

1 

*m  ym- 

«,  j 

(13) 

When  this  is  inverted  to  get  0| , Oj  ,03  in  terms 
of  Uj,  Uj,  U|n,  the  jcmt  disi^acemenis,  a 
genet^  expression  of  U is  obtained.  Similariy, 
this  is  possible  with  the  v component,  too. 
Hence, 

|f[-{“f-(Nl  {«}«  (14) 

This  relationship  is  expressed  in  equation  1; 
thus,  the  formulation  can  proceed. 

Finite  Element  Systems 

A large  number  of  finite  element  pro- 
grams have  been  developed  by  inuustry,  but 
most  of  them  are  oriented  towards  special 
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purpose  applications  and,  moreover,  are  not 
necessarily  more  efflcient  than  general  pur- 
pose systems. 

A smaller  number  of  general  purpose 
analyzers  have  also  been  developed,  primarily 
to  collect  the  elements  and  to  standardize  the 
solution  methodology.  Even  these  vary 
enormously  in  their  scope,  capacity,  and 
limitations.  Some  typical  systems  are  ASKA 
(ref.  6),  SAMIS  (ref.  7),  ELAS  (ref.  8),  and 
STRUDL II  (ref.  9).  The  last  of  these,  which 
was  developed  by  the  Civil  Engineering 
(department  at  the  Massachusetts  Institute  of 
Technology,  is  one  of  the  most  compre- 
hensive and  powerful  of  these  systems. 

STRUDL  II  was  developed  to  stan- 
dardize and  to  collect  a large  number  of 
existing  element  types  and  to  organize  them 
in  a modular  way  so  that  very  complex  prob- 
lems involving  intermixes  of  bar  and  con- 
tinuous elements  can  be  handled  with  equal 
ease.  All  of  this  was  done  within  a problem- 
execution  environment  having  the  following 
general  characteristics. 

Problem-Oriented  Language 

The  input-output  language  of 
STRUDL  II  is  the  language  an  analyst  uses  in 
his  everyday  work.  The  structure  is  specified 
as  to  geometry,  topology,  loadings,  and  types 
of  behavior  element.  All  of  these  commands 
are  translated  into  FORTRAN-like  state- 
ments, and  the  execution  proceeds  from 
them. 

Dynamic  Memory  Allocator 

It  is  difficult  to  specify  the  primary/ 
secondary  conqiuter  storage  netsded  for  a 
complex  problem  unless  one  is  intimately 
familiar  with  the  basic  operations  performed. 
Then,  tc<o,  for  optimum  storage  use,  the 
arrays  should  be  shifted  from  primary  to 
secondary  when  no  longer  needed.  Hiis,  too, 
tends  to  make  the  analyst  a computer  systems 
programmer.  The  STRUDL  II  dynamic 
memory  allocator  (DMA)  obviates  both  needs 
by  allocating  the  requisite  amounts  of  storage 
completely  automatically  at  execution  time; 


it  moves  the  arrays  between  secondary  and 
primary  only  when  the  need  arises.  A small 
problem  may  be  solved  in  its  entirety  in 
primary  storage  while  a large  one  may  require 
a number  of  memory  reorganizations. 

Modularity 

Although  the  library  of  available  ele- 
ments is  very  extensive,  the  user  may  find 
that  the  one  he  needs  is  still  not  available.  He 
can  add  to  tiiis  by  specifying  the  general 
stiffness  matrix  for  an  element  and  the  array 
needs  for  one  such  element;  he  can  either  add 
it  to  the  general  library  or  include  it  as  part  of 
the  input  at  problem-execution  time.  A 
completely  free  intermix  of  elements  is 
permitted,  constrained  only  by  the  require- 
ment that  connecting  elements  have  equal 
degrees  of  feedom  at  the  joints. 

General  Capability 

At  the  present  time,  the  capability  of  the 
system  extends  to  trussed,  framed,  folded 
plate,  shell,  and  rotational  elements  under  the 
following  conditions  (fig.  3): 


FlptreS.  STRUDL  II analvtit procedure. 
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Linear  static  analysis 
Nonlinear  and  buckling  analysis 
Dynamic  analysis 
Optimization. 

A general  formulation  has  recently  been 
produced  that  will  allow  optimization  of 
linite  element-composed  structures.  This  is  a 
most  signiflcant  breakthrough  and  will  greatly 
expand  the  general  analytical  capability. 

Mirror  Structure  Problem 

Although  the  applicatio..  of  finite  ele- 
ment methods  to  optical  systems  is  not 
necessarily  new,  the  capabilities  of  the 
STRUDL  II  system  now  make  it  possible  to 
solve  a very  large  class  of  structure  problems 
associated  with  the  manufacture  and  employ- 
ment  of  optical  mirrors.  Two  typical 
problems  and  a feasible  approach  to  either  by 
finite  elements  are  considered  in  this  paper. 

Grinding  and  Polishing  of  Ribbed  Mirror 
Structure 


Figure  4.  Ribbed  mirror  idealization. 


The  grinding  and  polishing  of  ribbed 
mirrors  invariably  results  in  local  surface 
deviations  at  the  ribs.  This  is  a result  of  non- 
uniform  elastic  deformations  caused  by  the 
grinding  tool;  that  is,  more  of  the  stiffer  area 
is  ground  off  than  the  flexible  area.  It  is 
difficult  to  estimate  the  magnitude  of  these 
deviations  by  ordinary  structural  analysis 
methods  due  to  the  highly  complex,  elastic 
behavior  of  such  strucbares,  but  the  finite 
element  approach  will  provide  a good  esti- 
mate. A ribbed  mirror  structure  can  be 
idealized  as  a series  of  interconnected  folded 
plates,  responding  both  in  bending  and 
stretching  (fig.  4).  The  load  from  the  grinding 
tool  can  be  considered  acting  as  either  an 
applied  force  or  an  applied  deformation 
(fig.  S).  The  displacements  and  stresses  caused 
by  this  tool  can  be  easily  obtained. 

The  specific  element  used  for  this 
analysis  is  called  GSBPE  (general  stretching 
and  bending  plate  element).  This  newly  de- 
veloped element  is  designed  for  stress  analysis 
of  continuous  plate  elements  and  is  rectan- 
gular in  shape.  It  was  based  upon  stiffness 


matrices  developed  by  Przemieniecki  (.ref.  3). 
A typical  element  layout  is  shown  or  figure  6, 
and  segments  of  the  STRUDL  II  program  can 
be  seen  in  figure  7. 
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The  precision  with  which  the  deforma- 
tion contours  may  be  obtained  will  depend 
upon  the  number  of  elements  chosen  for  the 
analysis.  The  results  of  such  an  analysis  can 
then  be  used  to  determine  the  optimum 
system  of  mirror  thickness,  rib  number  and 
proportions,  and  the  type  of  grinding  tool  and 
grinding  action. 

Active  Control  of  Thin  Mirrors 

The  structural  behavior  of  the  thin 
mirror  with  active  control  is  also  fairly  readily 
handled  by  the  finite  element  analyzer.  A 
number  of  different  element  types  can  be 
employed.  The  rather  low  internal  angle  of 
most  mirrors  discourages  the  use  of  a regular 
shell  element  because  of  ill-behavior  prob- 
lems, especially  near  the  crown.  A bending 
and  stretching  element  with  zero  curvatures 
tends  to  give  rather  conservative  results  (larger 
deflections)  unless  a very  large  number  of 
elements  are  employed  (ref.  5).  That,  how- 
ever, can  lead  to  extremely  severe  problems  of 
ill-conditioning  and  round-off  error  accumula- 
tion and  would  probably  result  in  erroneous 
information.  The  desirable  element  in  this 
case  is  the  shallow  shell  element.  The  curva- 
tures of  this  element  can  be  ea'iily  specified; 
hence,  the  mathematical  response  of  the 
structure  will  more  closely  represent  the 
physical  response. 

A very  large  part  of  the  active-mirror 
structural  complications  will  come  from  the 
actuators.  If  these  electromechanical 
components  have  a finite  stiffness  relative  to 
the  mirror  shell  and  if  the  basic  action  of  the 
actuator  is  an  applied  displacement,  then  it 
follows  that  the  amount  of  displacement  that 
actually  occurs  will  vary  with  the  actuator 
location  on  the  shell.  Certain  parts  of  the  shell 
will  be  stiffer  than  othen^  thus  inducing  a 
rather  larger  load  in  the  actuator  to  obtain  the 
desired  displacement,  compressing  the 
actuator  elastically,  and  reducing  the  actual 
applied  displacement.  It  is  obvious,  therefore, 
that  the  mirror  structure  and  actuators  must 
be  analyzed  as  a complete,  elastic,  structural 
Figure  7.  Typical  STRUDL  II  program  far  ribbed  system.  It  is  not  enough  to  analyze  the  shell 
ndrror.  under  point  forces. 


STRUDN  'MIRROR  STRUCTURE* 
TYPE  FOLDED  PLATE 
UNITS  INCHES  LBS 
JOINT  COORDINATES 


51  25.0  36.0 

52  20.0  30.0 


ELEMENT  INCIDENCES 


12  50  51  52  53 

13  52  53  54  55 


ELEMENT  PROPERTIES 


12,  13  TYPE 'GSBPE' THICKNESS  0.8 


CONSTANTS 
E 10000000.  .ALL 
POISSON  0.1 5 ALL 
LOADING 'TOOU'ONE 
ELEMENT  LOADS 


12  SURFACE 'GLOBAL' PZ  0.25 

LOADING  LIST  ALL 

STIFFNESS  ANALYSIS 

LIST  DISPLACEMENTS.  STRESSES  ALL 

FINISH 
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Using  STRUDLII  finite  elements,  it  is 
possible  to  solve  the  system  by  representing 
the  actuators  as  lioiss  elements  joined  to  the 
shell  at  various  shallow-shell  elements.  The 
displacenwnts  are  obtained  by  applied  distor- 
tions within  the  truss  elements  themselves, 
which  are  then  analyzed  as  an  entire  truss- 
shell  system.  From  this  analysis,  the  influence 
surface  for  the  shell  distortions  is  obtained  for 
the  control  problem. 

Optimization 

The  objective  of  engineering  is  always  to 
produce  an  acceptable  solution  (ideally,  an 
optimum  solution)  to  a given  set  of  require- 
ments. Most  structural  problems  are  suf- 
ficiently complex  so  that  even  the  analysis 
stage  may  present  some  difficulties;  hence, 
the  formal  optimization  problem,  which  is  at 
least  one  magnitude  more  complicated,  is 
often  not  attempted.  What  is  meant  here  by 
optimization  is  not  just  the  trials  of  a number 
of  variable  combinations  but  a thorough, 
systematic,  analytical  procedure  that  provides 
the  best  possible  solution.  The  definition  of 
“best”  will,  of  course,  depend  upon  the 
nature  of  the  problem.  It  may  be  “weight- 
related”  as  in  the  aircraft  structure  (refs.  10, 
1 1,  and  12),  “most  reliable”  for  a spaceborne 
system  that  cannot  be  repaired  after  deploy- 
ment (ref.  13),  or  both  “weight  and  fixed-cost 
related”  as  in  building  construction  (ref.  14). 

A number  of  approaches  to  the  optimi- 
zation problem  have  been  taken  over  the 
years.  The  first  attempts  looked  for  closed- 
form  analytical  solutions  to  the  problem. 
These  were  generally  limited  to  trivially 
simple  structures  under  a unique  loading 
condition.  The  bulk  of  optimization  of 
structures  has  been  performed  using  formu- 
lations and  techniques  developed  in  econo- 
metric analysis. 

The  approach  employing  such  a math- 
ematical model  must  contain  the  following 
components: 

Variables(X).  These  are  the  structural 
properties,  such  as  member  areas,  that  the 
designer  wishes  to  determine  so  that  the  best 
(optimum)  solution  is  obtained. 


Objective  function/ D.This  is  the  sum  of 
the  structural  system  costs  expressed  in  terms 
of  the  variables. 

Constraints.  These  are  the  limitations  on 
structural  behavior  (such  as  stresses,  deforma- 
tions) expressed  in  terms  of  the  design  vari- 
ables. These  may  be  equalities  or  inequalities. 

Formally,  this  can  be  expressed: 

minimize  Z = f (Xj) 

subject  to 

g‘(Xj,Yj)  < 0 

gHXj.Wj)  = 0 

Xj  > 0 (15) 

where  Yj,  Wj  are  limiting  values  on  variable 
behavior.  When  the  functions  f,  g,,  g2  are 
linear  or  convex,  then  existing  mathematical 
programming  methodology  can  be  applied.  In 
general,  the  structural  optimization  problem 
is  nonlinear,  nonconvex,  and  integer,  and  a 
general  solution  may  be  difficult  to  find. 

A number  of  recent  developments,  some 
of  which  are  just  beginning  to  appear  in 
publications,  have  begun  to  overcome  these 
analytical  difficulties  through  new  methods  of 
formulation.  One  method  that  has  been 
developed  and  is  being  introduced  into  the 
STRUDL II  system  is  the  branch-and-bound 
technique  (ref.  15).  By  using  integer  values 
for  the  design  variables  and  a mix  of  econo- 
metric and  combinational  solution  tech- 
nology, it  is  now  possible  to  achieve  optimal 
solutions  for  general  frame  type  of  structures 
under  multiple  loadings  with  relatively  small 
expenditures  of  computer  time. 

A recent  and  substantial  breakthrough  is 
the  application  of  these  optimization  tech- 
niques to  continuous  structures,  such  as 
folded  plates  and  shells,  by  using  finite 
element  methodology.  It  is  now  possible  to 
find  the  best  design  values  (foi  example,  rib 
sizes  and  locations  for  the  ribbed  mirror  struc- 
ture) so  that  the  desired  stress  and  defo^ 
mation  levels  can  be  maintained.  This,  too. 
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can  be  done  with  relatively  small  amounts  of 
computer  time.  Major  work  is  proceeding  in 
this  area  at  the  present  time. 

Conclusions 

There  is  no  doubt  but  that  the  finite  ele- 
ment method  represents  the  mainstream  of 
advanced  structural  mechanics  analysis  today. 
Sufficient  methodology  already  exists  to 
analyze  most  problems  that  will  arise  in  fields 
such  as  astronomical  mirror  structures.  Soon 
the  capability  will  exist  to  determine  the 
optimum  solution  to  the  same  problem. 

Use  of  the  finite  element  method  is, 
however,  very  deceptive.  It  is  extremely  easy 
(even  for  someone  not  in  the  field  of  struc- 
tural mechanics)  to  set  up  a problem  and  to 
solve  it  using  standard  algorithms,  but 
extreme  caution  must  be  exercised.  It  is  vital 
to  use  the  correct  element  for  the  type  of 
behavior  expected,  the  proper  subdivision  of 
the  structure,  and  the  proper  boundary 
conditions.  In  any  case,  numerical  results  will 
be  obtained,  but  they  may  have  little  relation 
to  the  actual  behavior.  Ill-conditioning, 
roundoff  accumulation,  and  errors  of 
improper  “discretization”  can  lead  the  unwary 
user  far  from  reality.  The  present  state-of^ 
the-art  in  structural  mechanics  permits  the 
analyst  to  attack  an  enormous  range  of 
problems,  but  it  is  most  vital  that  the  method 
limitations,  whenever  these  exist,  also  be 
known. 
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Self-Weight  Loaded  Structures 
in  the  Context  of  Lightweight  Mirror  Applications 


J.  P.  Duncan 

The  University  of  British  Columbia 


Introduction 

A mirror  is  essentially  a surface  formed 
by  the  interface  between  a substrate  and  its 
environment.  From  practical  considerations 
of  polishing  and  handling,  the  substrate  must 
have  some  minimum  volume,  which,  in  turn, 
has  weight  in  the  gravitational  field.  The 
connected  elements  of  the  substrate  have 
centers  of  mass  at  which  gravitational  body 
forces  may  be  considered  as  concentrated. 

To  maintain  equilibrium  of  the  sub- 
strate, it  is  necessary  that  reaction  to  these 
distributed  body  forces  be  provided  at 
some  selected  points  on  a relatively  rigid 
system  of  reference.  To  avoid  relative  dis- 
placement of  the  elements  of  the  substrate,  it 
is  desirable  to  support  each  element  directly 
so  that  each  body  force  and  its  direct  reaction 
equilibrate  locally.  If  local  equilibration  is  not 
possible,  it  becomes  necessary  to  connect  the 
input  of  localized  body  force  to  some  chosen 
points  of  reaction  by  way  of  a structure. 

An  elastic  structure  is  an  arrangement  of 
connected  elastic  members  designed  to 
transmit  load  inputs-forces  or  torques  gener- 
alized as  tractions  and  located  in  space— to 
points  where  they  are  equilibrated  by  re- 
actions. At  all  points  within  the  system  where 
transmission  between  input  and  output  takes 
place,  equilibrium  must  be  maintained  locally 
by  forces  and  moments  in  the  structural 
members. 

These  members,  kinematically  called 
links,  are  sometimes  connected  in  pin-jointed 
forms  by  joints  called  “pairs.”  In  many 
modem  structures,  the  connections  are  con- 
tinuous. The  structure  then  becomes  a 
multiple-connected  elastic  body.  Whether 


jointed  or  continuous,  the  structural  members 
have  weight  of  their  own,  which  in  some 
circumstances  may  impose  on  themselves  as 
much  distributed  input  of  load  as  any  exter- 
nal traction  that  the  structure  is  designed  to 
support.  Such  a case  is  a structure  designed  to 
maintain  the  desired  geometry  of  a mirror 
located  in  a gravitational  field. 

Some  structural  analysis  treats  the 
weight  of  members  as  secondary  sources  of 
input.  When  it  is  accounted  for,  such  weight  is 
often  lumped  for  analysis  at  the  panel  points 
of  the  lattice  type  of  structures.  Furthermore, 
much  of  established  analysis  is  designed  to 
study  stresses  with  margins  of  safety  rather 
than  deformations  with  extremely  high 
accuracy,  as  required  for  astronomical  mir- 
rors. Again,  the  force  systems  in  both  terres- 
trial and  space  applications  are  ultimately 
linked  to  the  earth  as  the  virtually  rigid  frame 
of  reference,  which,  at  the  same  time,  is  the 
cause  of  loading  through  gravitational 
attraction. 

Many  structures  have  an  arbitrarily 
chosen  configuration  of  members  linking 
inputs  ivith  outputs  (reactions),  and  .many  are 
designed  to  bridge  arbitrarily-specified  input 
and  output  configuiations. 

It  can  be  shown  that,  even  for  arbitrarily 
specified  configurations  of  input  and  output 
forces,  there  can  be  theoretically  optima  con- 
figurations of  transmission  members.  A given 
optimum  configuration,  however,  changes 
with  each  change  in  the  gravitational  acceler- 
ation vector  so  that  there  can  be  no  unique 
optimum  configuration  for  a structure  that 
changes  attitude  in  a gravitational  field  and  no 
constant  specification  for  member  cross- 
sectional  areas  with  changing  values  for  the 
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modulus  i^«r*  a’  jUr^|(lctional  acceleration 
vector. 

If  the  criterion  for  structural  design  is  to 
be  the  maintenance  of  a surface  geometry  by 
an  underlying  structure  grounded  at  some 
infinitely  rigid  fra  of  support  or  plane  of 
reference  defined  by  three  points,  the  struc- 
tural members  will  tend  to  be  lightly  stressed. 

Small  strains  and  hence  small  integrated 
extensions  will  result.  Obviously,  it  will  be 
desirable  to  use  lightweight  material  for  the 
transmission  members  and  for  the  substrate  of 
the  surface  whose  geometrical  form  is  being 
maintained.  These  factors  suggest  a material 
having  a high  Young’s  modulus  and  a low 
density.  Beryllium  has  the  best  combination 
of  these  properties,  but  other  materials  vie 
with  it  on  grounds  of  cost  and  ease  of 
fabrication. 

The  above  features  of  rigid  structures 
can  be  identified  in  the  symbolic  diagram, 
figure  1 . 


center  of  mass.  The  transmission  of  localized 
body  force  to  a neighboring  point  of  support 
then  induces  elastic  strains  in  the  continuum, 
and  strain  gradients  result. 

This  approach  is  adopted  with  large 
terrestrial  telescope  mirrors.  Appropriate 
forces  of  reaction  with  reference  to  a rigid 
ground  base  (earth)  are  supplied  through 
mechanical  lever  systems.  The  forces  are 
calculated  or  arranged  to  equilibrate  the 
weight  of  each  lump  of  the  segmented  (or 
continuous)  mirror  with  a direct  reaction  of 
the  proper  magnitude  value  for  each  attitude 
of  the  whole  mirror. 


Figure  1.  A generalized  structure. 


Rationale  of  Mirror  Support 

In  astronomical  mirror  design,  the  object 
is  to  maintain  a geometrical  surface  form 
constant  as  its  substrate  assumes  various  atti- 
tudes in  a gravitational  field.  One  approach, 
frequently  used,  is  to  support  each  element  of 
substrate  mass  Erectly  at  its  center  of  mass 
with  a force  appropriate  to  the  attitude.  TUs 
is  equivalent  to  limiting  the  length  of  path  of 
internal  force  transmission  in  a continuous 
solid  to  the  dimensions  of  each  lump  of  mass 
associated  with  a point  of  support  close  to  its 


Ever  since  Ritchey  first  proposed  desir- 
able proportions  for  solid  cylindrical  substrate 
and  subsequently  constructed  web  and  flange 
types  of  mirrors,  the  effort  to  limit  the 
number  of  supports  by  accepting  a degree  of 
internal  transmission  of  self^weight  has  con- 
tinued. It  has  led  to  the  adoption  of 
box”  constructions  for  lightweight  terrestrial 
and  orbiting  applications.  The  approach  is  to 
equilibrate  the  dead  weight  of  the  substrate, 
ultimately  on  a statically  determinate  set  of 
three  points  on  a system  of  reference-deter- 
mining attitude.  TTie  points  of  secondary 
reaction  with  the  substrate  may  be  more  than 
three,  the  number  being  built  up  through 
successions  of  properly  proportioned  levers.  A 
simple  example  of  a 12-equalized-point  re- 
action system  is  illustrated  in  figure  2.  This 
12-point  mounting  jig  was  designed  to  provide 
a close  approximation  to  a uniform  shear 
distribution  along  the  circular  boundary  of  a 
plate  loaded  transversely.  Even  with  multi- 
point support,  a degree  of  internal  trans- 
mission by  flexure  and  shear  will  remain.  The 
structure  has  to  be  designed  to  transmit  these 
with  very  small,  accct-table  deformations.  In 
addition,  these  deformations  will  vary  with 
each  attitude;  hence,  the  distortion  of  the 
supported  mirror  must  be  controlled  for  the 
worst  case. 

The  egg-box  construction  is  frequently 
thought  of  as  a flexural  type  of  structure; 
however,  because  of  the  value  of  the  ratio  of 
the  depth  of  section  to  the  span  between 
supporting  reactions  often  adopted,  shear 
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Figure  2.  Photograph  of  a 12-equalized-point  reaction 
system. 


rigidity  in  its  webs  may  be  even  more  signifi- 
cant in  maintaining  stiffness  than  the  flexural 
rigidity  provided  by  the  flanges.  The  two  are 
related  of  course.  It  is  a question  of  the  signif- 
icance of  transverse  shear  deflection  and  the 
additional  curvatures  of  neutral  axes  of  flex- 
ure that  might  arise  from  variable  shear. 


(a) 


r 


/ 
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(b) 


Figure  3.  Horizontal  and  vertical  quasi-cylindrical 
mirrors. 

sufficiently  rigid  in  extreme  attitude  (fig.  3b). 
The  self- weight  deformation  in  attitude 
(fig.  3b)  has  been  studied  by  Schwesinger 
(ref.  1 ).  It  is  the  author’s  intention  to  explore 
deformations  in  intermediate  attitudes  by 
using  a combination  of  analytical  and  experi- 
mental methods.  In  the  sequel,  logical  systems 
of  supporting  the  mirror  horizontally,  as  in 
flgure  3a,  will  be  discussed  as  an  introduction 
to  alternative  structural  concepts  for  light 
weight. 

Support  of  Circular  Mirrors 


Traditional  Circular  Mirror 

The  traditional  substrate  for  an  astro- 
nomical mirror,  large  or  small,  is  a homoge- 
neous, right  circular  cylinder  having  a ratio  of 
diameter  to  thickness  of  8 to  I (small  aper- 
ture) or  6 to  1 (large  aperture).  These  ratios 
are  rules  of  thumb  proposed  by  Ritchey  on 
the  basis  of  experience.  They  are  felt  to  be 
sufficient  to  limit  deflections  to  acceptable 
values.  The  smaller  ratio,  recommended  for 
very  large  mirrors,  reflects  the  dependence  of 
self-weight  deflection  on  the  ratio  of  diameter 
squared  to  thickness. 

The  extreme  attitudes  of  a right  cylin- 
i drical  mirror  substrate  in  a gravitational  field 
f are  as  shown  in  figures  3a  and  3b. 

I If  a mirror  is  sufficiently  rigid  under  self- 

I weight  in  attitude  (fig.  3a),  it  is  likely  to  be 


» 


An  essential  element  of  any  structural 
concept  is  its  reactive  system.  This  may  be 
chosen  arbitrarily  or  determined  by  the  func- 
tion of  the  structure. 

In  view  of  the  foregoing  discussion,  the 
following  line  of  argument  might  be  con- 
sidered in  determining  a suitable  supporting 
system  for  a horizontal  mirror. 

Since  the  object  is  to  create  a surface  as 
the  boundary  of  a substrate  and  its  atmo- 
sphere, a thin  plate  supported  on  its  lower 
face  by  hydrostatic  pressure,  as  in  figure  4, 
should  serve.  The  material  in  the  substrate  is 
then  supported  directly,  and  internal  tians- 
mission  is  confined  to  direct  compression 
through  the  thickness  of  the  plate.  Theoret- 
ically, the  thickness  of  the  substrate  could  be 
zero,  and  indeed  the  consequence,  a liquid 
surface,  is  often  used  as  a reflective  interface. 


if 
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Figure  4.  Direct  support  of  a thin  plate. 


If,  for  obvious  practical  reasons,  the  substrate 
has  any  significant  thickness  and  is  still  sup- 
ported on  its  lower  face  by  hydrostatic  pres- 
sure, it  assumes  a well-known  theoretical 
form,  shown  in  figure  5,  for  which  the 
displacements  were  worked  out  originally  by 
A.  E.  H.  Love  (ref.  2),  These  deformations  are 
due  to  the  ef^fects  of  direct  internal  trans- 
mission of  vertical  body  force  to  vertical 
reaction  on  the  lower  face.  Obviously,  the 
deformation  will  vary  with  changing  values  of 
body  accelerations. 

Further  discussion  of  the  just-floating, 
high-floating,  and  fully-immersed  elastic  solid 
can  be  found  in  reference  3. 

If  the  right  circular  cylinder  is  supported 
by  shearing  forces  along  its  outer  boundary, 
the  body  forces  are  transmitted  to  these 


boundary  reactions  by  flexure  and  shear. 
Love’s  elastic  displacement  solution  for  the 
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Figure  6.  Self-weight  deformation  of  moderately 
thick  plate;  Love’s  solution. 


It  is  well-known  that  in  deep  beams  and 
plates  much  of  the  resistance  to  deformation 
is  provided  by  shear.  This  has  been  demon- 
strated for  a few  cases  in  comparative  studies 
by  Kenny  (ref.  4).  Another  way  of  expressing 
this  is  to  say  that  analytical  stress-field  solu- 
tions such  as  the  above,  which  is  not  depen- 
dent on  Bemoulli-Euler  assumptions,  should 
be  used  for  accurate  assessment  of  plate 
rigidity.  The  intermediate  approach  is  to  use 
Bernoulli-Euler  thin-plate  theory  with 
Rankine-Grashoff  approximate  shear  correc- 
tions. 

It  is  not  easy  to  provide  continuous 
support  by  way  of  parabolically  distributed 
shear  (fig.  6)  because  of  the  statical  indeter- 
minacy of  such  arrangements.  A logical 
simplification  is  to  concentrate  shear  re- 
actions at  three  equispaced  boundary  points, 
as  shown  in  figure  7,  or  to  use  a statically 
determinate  distributing  arrangement,  as  illus- 
trated in  figure  2.  Such  systems  induce  more 
strain  than  systems  using  continuous  support 


because  of  additional  internal  (tangential) 
transmissions  of  body  forces  to  reactive 
points. 

It  seems  likely  that  the  average  length  of 
internal  transmission  by  flexure  would  be 
reduced  by  moving  the  three  points  of  sup- 
port towards  the  center  of  the  plate  to  mini- 
mize the  greatest  lateral  deflection.  A further 
logical  step  would  be  to  increase  the  number 
of  such  points  to  six  or  more  by  using  a stati- 
cally determinate  system  of  linked  levers,  as 
symbolized  by  figure  8. 


Figure  7.  Plate  supported  at  three  boundary  points. 

Several  workers  have  searched  for  the 
best  locations  for  points  of  support,  and 
numerous  experimental  observations  have 
been  made.  Emerson’s  (ref.  S)  studies  are 
well-known.  Dew’s  (ref.  6)  experimental 
results  of  interferometric  study  of  the  sagging 
of  thick  circular  glass  plates,  figures  9 and  10, 
illustrate  the  topography  of  plates  supported 
on  three  equispaced  points  at  different  radii. 
Emerson  concluded  that  the  three  points 
should  be  located  along  a circle  whose  diam- 
eter is  0.7  of  the  boundary  diameter  of  the 
plate.  Kenny  (ref.  4)  has  studied  deflections 
resulting  from  three-point  support 
analytically  and  experimentally  and  has  made 
limited  assessments  of  the  contributions  of 
shear  and  bending.  Vaughan  has  compared  a 


262 


OPTICAL  TELESCOPE  TECHNOLOGY 


Figure  8.  Plate  supported  at  six  internal  points  on 
balanced  levers  pivoted  at  three  prinury  points. 


simplifled  analytical  solution  with  Williams’ 
computed  solutions  (as  reported  by  Kenny) 
and  with  experimental  observations  on  a thin 
plate,  as  outlined  in  Appendix  A. 

Optimization  of  Circular  Substrate 

The  fundamental  structural  theorem  of 
James  Gerk  Maxwell  and  its  extension  by 
A.  G.  M.  Michell,  which  have  been  sum- 
marized and  discussed  by  Barnett  (ref.  7), 
provide,  from  two-dimensional  analysis,  a clue 
to  the  desirable  condition  of  minimum-weight 
rigid  structures  in  three  dimensions.  Maxwell’s 
theorem  implies  that  all  material  employed 
should  be  stressed  and  strained  with  the  same 
sign  to  an  acceptable  maximum  limit. 
Michell’s  corollary  demonstrates  that,  if 
material  must  be  used  in  both  tension  and 
compression,  it  should  be  disposed  in 
members  that  are  orthogonal  at  all  points- 
one  set  being  in  tension  at  the  maximum 
acceptable  limit  and  the  other  in  compression 
at  the  same  numerical  limit. 

Web  and  Flange  Construction 

The  material  employed  in  conventional, 
flexed,  homogeneous  beams  and  plates  is  not 


ideally  distributed  in  accordance  with  the 
above  theorems.  One  well-known  method  of 
redistribution  is  the  adoption  of  web  and 
flange  (I-beam)  concepts  in  one  or  two  dimen- 
sions. This  relocates  the  material  in  a hypo- 
thetical rectangular  cross-section  so  that  part 
of  the  material  is  in  tension  or  compression 
and  provides  a moment  of  resistance.  The  rest 
of  the  material  transmits  shear  as  depicted  in 
flgure  1 1 . 

A further  improvement  of  the  web  is 
achieved  by  castellation  of  an  I-beam  web. 
The  web  is  cut  along  a line  resembling  an 
Acme  thread.  The  resulting  halves  are  then 
relocated  and  welded  as  illustrated  in  fig- 
ure 12.  The  logical  extension  of  these  ideas 
into  three  dimensions  leads  to  the  concepts  of 
lattices,  geodesic  frameworks,  and  foams. 

A greater  stiffness-to-weight  ratio  results, 
but  there  is  no  guarantee  that  the  resulting 
structure  is  optimum;  nor  is  it  clear  whether 
internal  transmission  is  essentially  by  shear  or 
bending. 

Since  a hexagonal  or  triangular  cellular 
structure  has  the  same  theoretical  aeolotropy 
as  a homogeneous  structure,  the  triangular 
cell  seems  to  represent  a logical  pattern  of 
web  configuration.  Thus,  the  egg-box  con- 
struction of  mirrors  with  three  sets  of  webs 
intersecting  at  120  degrees  suggests  itself  in 
plan  as  a sandwich  construction  for  mirrors 
amenable  to  analysis  and  experimental  study 
by  the  general  theory  and  methods  outlined 
by  Rantema  (ref.  8). 

Arch  Concepts 

A second  approach  to  optimization  fol- 
lows from  Maxwell’s  theorem,  which,  in 
space-spanning  structures,  implies  the  use  cf 
arches,  domes,  and  shells.  Figure  13  from 
reference  4 shows  a sequence  of  plates  and 
arches,  some  of  which  have  been  compared  by 
Kenny  (ref.  4).  The  theory  of  arching  and  the 
relations  among  arch  geometry,  load,  and 
stresses  have  been  discussed  by  Inglis  (ref.  9) 
and  others.  Some  interest  mg  experimental 
results  and  facts  concerning  deformations  in 
arch-like  circular  plates  are  to  be  found  in 
reference  4. 
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(a)  (b) 

(a)  and  (b)  Contour  maps  of  a 30<entimeter  diameter  x 5-centimeter  circular  flat  supported  at  three  points 
on  the  periphery  (1120  fringe  contours):  (a)  face  up;  (b)  face  down. 


(c)  Sag  of  the  above  circular  flat.  (d)  Si^  of  a 30centimeter  diameter  x X8<entimeter 

drcular  flat  supported  at  three  points  on  the 
perij^tery  (1120  fringe  contatrs). 

Flgure9.  G.D.  Dew’s  inteferograms  for  support  at  the  outer  boundary;  from  his  paper  ‘The  Measurement 
of  Optical  Flatness,  “ Journal  of  Scientific  Instruments,  VoL  43,  fidy  1966,  pp.  409-415.  (Reprinted  with 
the  permission  of  the  author  and  the  pubOdter,  The  Institute  of  Physics  and  The  Phydeal  Society, 
London,  Engflattd.) 
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(a)  The  sag  of  a 30<entimeter  diameter  x 3.8- 
centimeter  fiat  supported  at  three  points  on  a 
circle  of  21-centimeters  in  diameter  f 1/20  fringe 
contours). 


(c)  The  sag  of  a SO^entimeter  diameter  x 3.8- 
centimeter  flat  supported  at  three  points  on  a 
circk  of  18-centimeten  in  diameter  (1/20  fringe 
contotm). 


(b)  The  sag  of  a 30-centimeter  diameter  x 3.8- 
centimeter  flat  supported  at  three  points  on  the 
periphery  (1/20  fringe  contours). 


(d)  The  sag  of  a 3(fcentimeter  dkmeterx  3.8- 
centimeter  flat  supported  on  a sheet  of  10-milli- 
meter purethane  foam  (1/20  fringe  contours). 


Figure  10.  G.D.  Dewt  interferognms  for  support  within  the  outer  bmaukry:  from  his  paper  “Systems  of 
Minbrum  Deflection  Supports  for  Optical  Fkts,  “ Journal  of  Sdentifk  InttnimenH,  VoL  43.  November 
1966.  pp.  809-811.  (Reprinted  with  the  permission  of  the  author  and  the  pulAisher,  The  Institute  of 
fhysks  and  The  Physhal  Society,  London.  En^nd.) 
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Sandwich  Beam 


General  Pure  Pure 

bending  bending  shear 


Figure  11.  Deformation  of  I-beam  and  sandwich- 
beam  sections. 


Figure  12.  Castellated  beam. 

Several  simple  forms  similar  to  that 
s^'own  in  figure  14,  nicknamed  “the  ashtray,” 
have  been  studied  by  the  following  four 
physical  methods: 

1 .  The  accentuation  of  gravitational 
aeformation  by  immersion  in  a very  dense 
liquid  such  as  steel  in  mercury  (Duncan, 
Schroeder)  or  plastic  foams  in  water  (Unwin). 
The  theory  of  this  technique  is  illustrated  in 
figure  IS. 


2.  The  “ freezing”  of  the  natural  sag  of 
epoxy  resin  above  its  transition  point  when  it 
acqubea  greatly  reduced  elastic  properties 
(Kenny).  See  reference  4. 

3.  The  observation  of  deflections  of 
silicone  rubber  models  at  room  temperature 
(Kenny,  Duncan). 

4.  In  prospect,  the  application  of  exter- 
nal loading,  such  as  sand,  air  pressure,  lead 
shot,  or  tall  rods  proportional  to  the  weight 
of  structural  material,  beneath  the  load 
(Harvey,  Duncan,  Vaughan).  Information 
relevant  to  these  studies  can  be  found  in 
references  3 and  4. 

Michell  Structures 

A third  approach  to  optimization  is  to 
return  to  fundamentals  by  seeking  optimum 
transmission  routes  from  the  primary  self- 
weight inputs  at  the  substrate  to  the  chosen 
points  of  reaction.  Figure  16  indicates  this 
notion  in  a two-dimensional  way.  The  arbi- 
trary Michell  ribbed-plate  structures  shown 
include  the  configurations  for  a weightless 
cantilever  and  a weightless  beam  of  uniform 
bending.  Real  transmission  members,  how- 
ever, have  self-weight;  hence,  the  detail  of 
their  ideal  geometrical  configurations  must  be 
calculated  to  accommodate  this  continuous 
input  of  body  force  loading.  Particulars  of 
real,  self-weight-loaded,  Michell  structures 
have  been  computed  and  tabulated  by  E.  W. 
Johnson.  (See  also  Appendix  B.) 

The  structures  resulting  from  the  con- 
cepts illustrated  are,  essentially,  ribbed  plates 
with  ribs  perforated  with  lightening  holes  of 
special  shape  and  arrangement.  It  seems  likely 
that  the  top  members  of  such  ribs  could  be 
“worked  in”  to  the  substrate  itself.  The 
resulting  structure  lacks  the  backplate  that 
has  been  so  heatedly  debated  as  necessary  in 
egg-box  construction.  The  point  is  that,  if  the 
libs  are  essentially  a net  of  orthogonal  fibers 
lying  in  their  own  plane,  they  are  stressed 
similarly  to  a square  plate  in  shear  whose 
diagonals  will  be  equally  stressed  with 
opposite  sign.  If  support  is  provided  essen- 
tially in  shear,  even  though  some  bending  is 
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To  obtain  verification  of  To  investigate  self-weight  deflection.^  of  arch 
experimental  techniques  type  structures  and  compare  their  behavior 
and  mathematical  analysis.  with  that  of  a circular  plate  of  constant  thick- 
ness with  a thickness  to  diameter  »'atio  of 
1/C.  (A  3-point  support  taken  as  standard). 


To  obtain  estimates  of  the 
shear  deflections  experi- 
enced by  lightweight  struc- 
tures of  the  monolithic  and 
eggcrate  type. 


Objective  1 

Objective  2 

Objective  3 

1 

Space  Envelope  Constant 

Weight  Constant 

A Square  Monolithic  Oort 
B 6p*  Delta  Monolithic 
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Figure  1 3.  Kenny ’s  talk  of  plates  and  arches.  See  reference  4.  (Reprinted  with  the  permission  of  the  author 

and  the Perkin-Elmer  Corporation.) 


effective 

Arc  h in  tension  : 0 


Figure  14,  Forcibly  submerged,  arched  substrate. 


present,  backplates  may  not  be  necessary;  and 
ribbed  support  is  in  order. 

Deformations  of  ribbed  plates  under 
hydrostatic  loading  (which  could  be  regarded 
as  artificially  increasing  the  effective  density 
of  the  supported  plate)  have  been  studied  by 
Harvey  and  Duncan  (ref.  10).  A few  obser- 
vations on  overstiffening  or  understiffening 
and  weight-to-rigidity  ratios  were  made. 

A separate  outline  of  some  preliminary 
studies  of  self-weighted  Michell  cantilevers  by 
E.  W.  Johnson  is  attached  as  Appendix  B.  It 
should  be  noted  that  numerically  controlled 
machining  makes  the  fabrication  of  such 
structures  quite  feasible  and  economical. 
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B>  Body,  of  dtntify  ky  tubmorgod  in  o liquid  of  lit  own  dtntlly. 

C.  Oiffortnet  of  obovt  two,  multipit  qrbvlty. 

D.  Grovlty 


Rgure  15.  Graphic  presentation  of  the  immersion  analogy  of  gravity;  from  “Gravitational  Stresses  Deter- 
mined Using  Immersion  Techniques,”  V.  J.  Parks.  A.  J.  Durelli,  and  L.  Ferrer,  Journal  of  Applied 
Mechanics,  No.  67-APM-ll;  contributed  to  the  Applied  Mechanics  Conference,  Pasadena,  California, 
June  1967,  under  the  auspices  of  the  Society  of  Mechanical  Engineers.  (Copyrighted  by  publisher; 
permission  granted  to  reprint.} 
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Figure  16.  Mkhell  structures. 


Shear  Deflection  in  Substrate 


It  is  clear  from  general  theory  as  well  as 
recent  experiments  and  studies  by  Kenny 
(ref.  4)  that  shear  deflection  in  substrate  is  as 
important  as  flexural  deflection.  Thus, 


wherever  substrates  are  called  upon  to  resist 
deformation  through  a degree  of  flexure,  a 
knowledge  of  the  shear  modulus  of  either 
continuous  plates  and  slabs  or  of  the  webs  of 
sandwich  plates  is  needed  to  predict  defor- 
mations in  a body-force  field. 

In  his  recent  text,  Sandwich  Construc- 
tion, Plantema  (ref.  8)  develops  a general 
theory  in  which  the  moment  of  resistance  is 
regarded  as  residing  in  the  flanges  and  shear 
resistance  in  the  webs  of  two-dimensional, 
I-beam  constructions.  He  gives  two  techniques 
for  determining  shear  rigidity  of  the  webs  or 
cores  of  sandwich  constructions.  One  is  a 
three-point  loading  test  on  a beam  of  typical 
core,  and  the  other  is  a direct  shearing  of  the 
core  by  compression  loading. 

Because  the  core  configurations  used  in 
fabricated  space  mirrors  have  many  com- 
plicated geometries  that  defy  simple  theoret- 
ical treatment,  each  configuration  needs 
experimental  testing  for  shear  rigidity. 

Kenny  (ref.  4)  has  recently  used  a four- 
point  loading  technique  on  a plexiglass  strip- 
model  of  mirror  core  to  assess  the  relative 
magnitude  of  flexural  and  shear  deflections.  A 
report  of  completed  studies  of  the  shear 
rigidity  of  triangularly  pitched  perforated 
plate  is  in  preparation  by  Duncan  and 
Santosham  at  the  University  of  British 
Columbia. 

Logical  Development  of  a Mirror  Substrate 

Assume  first  that,  from  polishing  con- 
siderations, the  mirror  requires  an  immediate 
substrate  in  the  form  of  a relatively  thin  plate. 
As  shown  in  figure  17,  the  elements  of  this 
plate  need  uniformly  distributed  upthrust  in 
the  vertical  direction  to  equilibrate  gravi- 
tational forces  directly,  thus  avoiding  flexural 
distortion. 

The  object  is  to  maintain  the  thin  plate 
in  an  unflexed  state.  If  this  is  achieved,  the 
plate  will  be  unstrained  in  a flexural  sense; 
hence,  it  can  be  regarded  as  a quasi-rigid 
body.  If  the  upthrust  is  provided  by  a set  of 
many  discrete  compression  members,  the 
above  ideal  conditions  will  be  closely  approxi- 
mated. 
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Figure  1 7.  Hydrostatically  supported  thin  plate. 


Assume  next  that,  in  conformity  with 
the  piinciples  of  Michell’s  structural  theorem, 
these  compression  members  are  extended  in 
design  away  from  the  plate  to  arbitrarily 
selected  points  of  reaction. 

This  may  be  done  in  various  ways.  If  the 
locations  of  the  point  or  points  of  reaction 
are  chosen  arbitrarily  and  the  direction  of  the 
reaction  is  selected,  there  will  be  solutions  to 
the  structural  net  required  (the  Hencky- 
Prandtl  slip-line  nets  of  plasticity), and  the 
requisite  cross-sectional  areas  of  the  members 
to  ensure  a uniform  maximum-acceptable 
stress  level  can  be  computed. 


To  minimize  the  coordinate  space 
occupied  by  the  Michell  structures  given 
below  as  examples,  it  was  necessary  to  keep 
the  point  or  points  of  reaction  close  to  the 
plate  itself,  as  shown  in  figures  18a  and  18b, 
rather  than  in  the  remote  location  shown  in 
figure  18c. 


■4/ 


Figure  18.  Michell  distributive  support  systena. 


If  a single  reaction  with  torque  stabili- 
zation is  chosen  as  a basis  for  the  support  and 
attitude-control  of  a mirror,  the  cross-section 
of  the  stiacture  will  have  an  area  d x j.  If 
three-point  reaction  is  chosen,  it  should  be 
possible  to  design  the  structure  within  an  area 
of  d X as  shown  in  figure  1 8b.  Ritchey’s 
recommended  cross-section  for  large,  solid, 
right  cylindrical  mirrors  was  d x 

The  members  of  the  particular  Michell 
structure  shown  constitute  an  orthogonal 
system  of  compressive  arcs  and  tensile  radials, 
all  stressed  to  the  same  numerical  value.  This 
value  would  be  fixed  by  proportioning  the 
cross-sectional  areas  of  the  struts  and  ties  and 
by  stepping  the  area  of  the  ties  at  each  arc. 
All  arcs  would  have  the  same  cross-sectional 
area  if  the  ends  of  each  arc  were  intended  to 
support  the  same  weight  of  substrate. 

It  is  assumed  that  the  distributed  weight 
of  the  Michell  structures  would  be  much  less 
than  that  of  the  plate,  but  any  distributed 
weight  of  a real  structure  can  easily  be 
allowed  for  by  adjustment  of  member  cross- 
sectional  areas. 

Ideal,  theoretical,  Michell  structures  are 
statically  determinate.  Real  and  practicable 
structures  approximate  to  the  ideal. 

The  result  of  straining  the  Michell  struc- 
ture due  to  the  effect  of  gravitational  forces  is 
to  raise  the  point  of  application  of  load 
relatively  to  the  plate,  which  should  remain 
virtually  undistorted.  In  relation  to  the  re- 
action point,  the  plate  is  like  a rigid  foun- 
dation, remaining  unstrained  (except  locally) 
due  to  the  application  of  the  concentrated 
compressive  forces  exerted  by  the  arc  mem- 
bers. Actually,  if  the  reactive  points  are  re- 
garded as  the  points  of  reference,  the  plate 
will  drop  bodUy  without  distortion  of  its 
surface. 

The  three  points  of  figure  18b  may  be 
located  at  a radius  of  about  0.66  diameter, 
and  thus  the  plate  alone  would  have  minimum 
deformation,  as  shown  in  Appendix  A.  The 
addition  of  the  Michell  distributing  structure 
should  signiHcantly  remove  remaining  devia- 
tions from  a plane  surface  with  a minimum  of 
additional  weight. 
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The  possibUity  of  including  an  ellipse  to 
define  the  end  locations  of  the  outer  members 
is  indicated.  This  would  constitute  an  approx* 
imation  designed  for  better  distributing  the 
number  of  points  of  direct  support  of  the 
plate  with  less  than  optimum  geometry.  In 
addition,  the  plate  thickness  can  be  reduced 
to  a practical  minimum,  as  determined  by 
polishing  and  handling  considerations. 

The  two-dimensional  structural  forms 
can  be  located  in  several  radial  directions 
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Appendix  A 

The  Deflection  of  a Multiooint-Supported  Plate 
(Henry  Vaughan) 


Mirrors  are  frequently  suppr.rted  at  three 
or  more  points  by  statically  determinate  sup- 
porting systems.  It  is  desirable  to  have  a 
simple  method  of  calculating  the  self-weight 
deflections  resulting  from  the  uniformly  dis- 
tributed gravitational  body  forces.  For  thin 
plates,  these  body  forces  may  be  replaced  by 
a uniformly  distributed  surface  load. 

Various  Methods 

Williams  has  worked  out  an  exact  series 
solution  requiring  computer  evaluation.  This 
is  contained  in  a report  by  Kenny  (ref.  1). 
Williams’  method,  however,  is  not  easily 
adaptable  to  design  purposes,  particularly  if 
shear  distortion  is  to  be  included. 

Duncan  suggested  the  following  method, 
which  leads  to  a very  simple  expression  for 
the  deflection  surface.  The  method  is  not 
mathematically  exact,  but  the  result  ensuing 
from  the  simplifying  assumptions  can  be 
compared  with  the  exact  result;  and  errors 
can  easily  be  estimated. 

If  one  starts  with  Michell’s  solution  for  a 
clamped  plate  (ref.  2)  under  a single-point 
load,  a simple  extension  yields  the  solution 
for  any  number  of  point  loads  regularly 
spaced  around  a concentric  circle.  Expressions 
for  the  moment  and  shear  at  the  edge  of  the 
plate  for  N loads  are  easily  evaluated  and 
summed.  If  the  loads  are  not  too  close  to  the 
edge  of  the  plate,  then  the  distributions  of  the 
edge  forces  are  almost  exactly  sinusoidal.  In 
particular,  figure  A-1  shows  the  comparison 
of  the  edge  bending  moment  with  a sinusoidal 


wave,  the  amplitide  of  which  has  been  eval- 
uated analytically.  Similarly,  figure  A-2  shows 
the  edge  shearing  force.  Both  of  these  curves 
are  for  N = 3 and  b/a  = 1/2,  where  b = radius 


Figure  A-1.  Edge  bending  moment  N - 3, 

1-m. 


Figure  A-2.  Edge  ^tearing  force  VJV,  N • 3, 
yll2. 
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of  support  circle  and  a = radius  of  plate.  Note 
that  b/a  = 7 in  the  figure. 

Agreement  is  better  for  larger  N but 
worse  for  larger  values  of  b/a.  Clearly  a suit- 
able increase  in  N and  an  increase  in  b/a  will 
yield  a similar  degree  of  agreement,  as 
shown  in  figures  A-1  and  A-2. 

It  is  a simple  matter  to  free  the  edge  of 
the  plate  of  the  approximate  sinusoidal  edge 
forces  and  to  equilibrate  the  point  reactions 
by  superimposing  a uniformly  distributed  sur- 
face load.  Thw  deflection  of  a free,  uniformly 
loaded,  point-supported  plate  can  be  obtained 
immediately. 

The  most  fundamental  case  is  when 
there  are  only  three  point  supports.  Contours 
of  equal  deflection  are  given  in  figures  A-3 
and  A-4  for  7 = 0.5  and  7 = 2/3,  respectively. 
Figure  A-4  shows  that  the  central  area  of  the 
plate  is  remarkably  flat  for  7 = 2/3.  This  par- 
ticular arrangement  is  very  close  to  the  best 
support  circle  for  three  supports,  based  on 
optimizing  the  maximum  deviation  from  the 
flat. 

fhe  contours  show  values  of  (o(x,d), 
where  03  is  a nondimensional  displacement 
given  by 


w (x,fl  ) = qa^  <0  (x,d )/ 1 OOD 


where  q = normal  force  per  unit  area  of  plate 
surface  and  D = thin-plate  bending  rigidity. 

F.xperimental  Procedure 

Because  of  its  simplicity,  the  method  de- 
veloped by  Ugtenbeig  was  used  with  the  re- 
finements introduced  by  dv  .t^aas  <tid  Loof 
(ref.  3).  The  moire'  fringes  obtained  by  Ligten- 
beig’s  method  represent  lines  of  equal  partial 
slope.  Deflections  through  sections  parallel  to 
the  original  setting  of  the  plate  are  found  by 


Figure  A-3.  Contours  of  equal  deflection,  N ^ 3, 
7 = //2. 


Figm  A-4,  Contours  of  eqtnd  defleetbm,  N • 3, 
7-2/3. 
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graphical  integration;  then,  orientation  of  the 
plate  is  required  for  sections  at  different 
angular  settings. 

Tlie  plates  used  in  the  exi>eriments  were 
7 inches  in  diameter,  1/8  inch  thick  and  made 
of  plexiglass,  for  which  E * 4.5  x 10®  pounds 
per  square  inch  and  i^^O.aS.The  uniform  load 
was  provided  by  several  inches  of  lead  shot, 
kept  in  place  by  a loosely  fitting  cylinder.  The 
point  reactions  were  provided  by  three,  small, 
spherical  bearings  that  were  allowed  to  travel 
along  three  knife  edges  forming  part  of  the 
external  structure.  This  enabled  different 
values  of  7 to  be  examined  at  will. 

Figure  A-5  shows  the  moire  patterns  for 
equal  slopes  through  sections  given  by  0 = 0®, 
0=15®,  and  d - 30®  for  7 = 0.66  and  N = 3. 
Qearly,  the  three  patterns  are  sufficient  to 
give  the  deflections  for  the  whole  field  at  15- 
degree  intervals. 

Figure  A-5  has  been  used  to  calculate  the 
deflections,  and  the  results  may  be  compared 
with  the  theoretical  results  in  figure  A-6. 


Figure  A-6.  Deflection  u(x,d)  througfi  center  of  plate 
at  IS^egree intervals,  N* 3,y  *213. 


figure  A-5.  Moire  contours  of  equal  partial  slope  {after  filtering f 
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Appendix  B 

Optimum  Self-Weight  Loaded  Structures 
(E.  V/.  Johnson) 


Introduction 

Although  very  large  structures  were 
erected  in  antiquity,  modem  structures  of 
ever-increasing  complexity  and  si'iie  have  fol- 
lowed the  development  of  new  engineering 
knowledge  and  techniques  of  analysis. 

In  designing  stmetures  such  as  latticed 
bridges,  on  which  the  greatest  load  is  their 
own  weight,  external  loads  are  commonly 
lumped  with  self-weight  loading  at  the  nodes. 
Only  in  the  largest  structures  have  designers 
of  necessity  considered  seriously  the  optimum 
configuration  of  members  with  a view  to 
using  material  to  the  best  advantage.  This 
implies  that,  ideally,  all  materia]  employed 
should  be  stressed  to  the  same  acceptable 
limit. 

Some  examples  of  this  approach  are  the 
uses  of  arches  in  place  of  flexed  structures 
and  the  development  of  I-beams  and  similar 
sectioned  beams  to  distribute  the  cross- 
sectional  area  of  the  member  better.  Other 
Helds  of  application  are  astronomical  mirrors, 
radio  telescopes,  and  aircraft  fuselages. 

Dynamically  Loaded  Structures 

In  small-scale  structures  such  as  machine 
components,  inertia  forces  (centrifugal  force 
and  the  force  of  gravity)  are  important 
elements  of  loading  and  are  sometimes  domi- 
nant. Little  attempt  has  been  made  to  opti- 
mize the  distribution  of  material  in  these 
small  members,  particularly  in  cases  where  the 
function  of  the  member  is  to  remain  very 
rigid  rather  than  to  sustain  loads. 

The  eveHnereasing  demand  for  reduced 
payloads  in  space  vehicles  and  higher  speeds 


in  land-based  machinery  calls  for  the  elimina- 
tion in  design  of  all  useli^s  ewiss.  This,  in  turn, 
implies  that  the  conDguialion  of  the  member 
should  be  such  that  all  elements  of  material 
are  stressed  and  strained  to  acceptable  maxi- 
mum limits. 

With  the  advent  of  numerically  con- 
trolled machining,  the  difficulty  and  cost  of 
removing  inefficiently  used  material  from  the 
raw  mass  has  been  reduced.  It  is  thus  feasible 
to  pursue  a lattice  type  of  construction  on  a 
small  scale.  Whether  the  structure  be  large  or 
small,  there  is  room  to  look  again  in  terms  of 
fundamentals  at  the  theoretical  optimum 
structure  for  a given  service  rather  than 
merely  to  search  by  variational  techniques  for 
the  best  proportions  within  a preconceived 
structural  type. 

Fundamental  Theory 

In  1869,  James  Qerk  Maxwell  estab- 
lished a theorem  specifying  the  optimum 
stressed  state  of  material  required  to  support 
a system  of  forces  acting  in  a given  space.  He 
showed  that  the  volume  was  a minimum  if  the 
structure  contained  only  tensile  or  only  com- 
pressive members. 

In  1904,  this  theory  was  extended  by 
A.  G.  M.  Michell  to  more  general  structures 
containing  both  tensile  and  compressive  mem- 
bers. He  showed  that  an  optimum  or  mini- 
mum volume  structure  must  consist  entirely 
of  members  that  carry  either  tensile  or  com- 
pressive foices-their  cross^ections  being  such 
that  the  stress  is  constant  at  all  points.  The 
sets  of  tensile  and  compressive  members  of 
fibers  must  be  orthogonal,  with  the  network 
containing  an  infinite  number  of  them.  This 
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theory  has  been  extended  by  A.  S.  L.  Chan 
and  others  to  consider  simple  beams  and 
cantilevers  carrying  a concentrated  toad. 

Approxir.iations  to  Optimiim  Structures 

The  theoretical  optimum,  structure  is  dif- 
ficult or  impossible  to  manufacture,  but  it 
offers  a standard  against  which  more  practical 
frameworks  can  be  crmpared.  As  a two- 
dimensional  example,  a cantilever  could  be 
made,  having  a few  (five  or  ten)  widely  spaced 
flbers,  whose  cross-sectional  area  may  be 
adjusted  to  maintain  a constant  stress  level  at 
all  points.  Such  a structure  is  shown  in 
figure  B-1 , which  represents  a cantilever  carry- 
ing a unit  load  perpendicular  to  its  axis  at  the 
end  remote  from  its  pinned  supports.  The 
member  widths  are  adjusted  to  maintain  uni- 
form stress  at  all  points.  For  analysis,  the 
joints  could  be  considered  as  pinned;  then  the 
links  would  be  straight  and  would  form 
chords  to  the  theoretical  curved  fibers. 

Analysis  can  also  be  extended  to  canti- 
levers (and  beams)  carrying  several  concen- 
trated loads  at  the  pin  joints.  In  particular, 
these  loads  could  represent  the  self-we'ght  of 
the  structure  plus  any  external  loading  im- 
posed. Examples  of  such  structures  are  ribbed 
plates  or  individual  members  of  larger  struc- 
tures. Theoretical  analysis  of  ideal  structures 
of  this  kind  has  been  undertaken  together 
with  preliminary  investigation  of  the  effects 
of  the  simplifying  assumptions  made  to  facili- 
tate solution. 

A family  of  cantilevers  similar  to  that 
shown  in  figure  B-1  has  been  analyzed.  All 
cantilevers  have  the  same  span  (10  inches)  and 
differ  only  in  the  support  spacing  and  the 
number  of  fibers.  These  vary  from  one  to  ten, 
radiating  from  each  support  point,  one  set 
being  in  tension  and  the  other  in  compression. 
Of  necessity,  each  member  is  strait  between 
intersections. 

Figure  B-2  compares  the  volumes  of  the 
range  of  structures  examined.  The  Michell 
conditions  determine  <)he  optimum  structure 
for  any  span  and  specific  set  of  loading  con- 
ditions. Such  an  optimum  structure  has  less 
volume  than  any  other  other  structure  which 


Figure  B-I.  Geometry  of  a ftve-fiber  Michett  canti- 
lever. 

may  be  designed  to  replace  it.  This  is  illus- 
trated in  the  giaph  (fig.  B-2),  which  compares 
the  actual  volumes  of  a series  of  cantilevers  of 
varying  fiber  count  with  the  corresponding 
theoretical  structures  having  the  same  fan 
angle,  the  angle  being  subtended  at  A or  B by 
the  extreme  fibers. 

The  curve  shows  that,  even  with  such  a 
crude  approximation  to  the  infinite  case  as 
represented  by  a structure  of  five  fibers,  the 
volume  is  only  4 percent  greater  than  the 
minimum  to  which  the  curve  asymptotes. 
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3 FIBRES  SHOWN 


2 4 t i 10 

NUMBER  OF  FIBRES 

Figure  B-2.  Dependence  of  pin-jointed  cantilever 
volume  on  number  of  fibers  for  various  ratto^  of 
XjD;  t = thickness  = IJ4  inch;  E=  Young's 
Modulus  = 300,000  psi;  a* constant  normal 
stress  = 300  psi;  Load  » 100  lb.  in  all  cases; 
X=  10  inches  in  ell  cases. 

Such  structures  would  be  relatively  easy  to 
manufacture  and  would  be  of  considerable 
value  in  design. 

Figure  B-3  shows  several  models  approxi- 
mating the  Michel!  criteria  and  which  have  al- 
ready been  made  for  testing.  These  includ<^  a 
small  five-flber  cantilever  and  two  ten-fiber 
cantilevers.  In  the  latter  case,  one  model  is 
made  with  quadrilateral  cutouts;  in  the 
former  cas'^.  these  are  approximated  by 
circular  holes.  The  resulting  configuration  is  a 
somewhat  cruder  approximation  to  the  opti- 
mum structure  but  is  considerably  easier  to 
manufacture. 

The  largest  model  is  of  a Michell  beam 
designed  to  transmit  pure  bending.  It  may  be 


Figure  B-3.  Plastic  Michell  cantilevers  and  beam  made 
by  numerically  controlled  machining. 

considered  as  four  cantilevers  arranged 
symmetrically. 

Figure  B-4  shows  the  South  Bend  milling 
machine  on  which  the  models  were  cut.  The 
table  drives  are  powered  by  “Slo-Syn” 
synchronous  motors,  which  are  controlled  by 
commands  printed  on  a paper  tape.  These 
commands  position  the  tool  in  Cartesian  or 
Polar  coordirtates  and  thus  enable  these  com- 
plex shapes  to  be  made  rapidly  yet  accurately. 

The  control  system  of  this  tnaclune 
enables  straight  lines  to  be  cut  most  simply  if 
they  are  parallel  to  the  major  axes  of  the  mill- 
ing machine  table.  Lines  at  an  angle  to  these 
axes  require  cutting  in  a series  of  small  steps, 
thereby  necessitating  perhaps  a hundred  com- 
mands per  inch  of  cut  t'^  maintain  a smooth 
surface. 

Avoiding  the  latter  complication  was 
accomplished  by  mounting  the  plastic  sheet 
on  a rotary  table  whose  angular  position 
could  be  changed  by  machine  comman  *.  Fo' 
minimum  overhang,  the  center  of  the  plate 
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Figure  B-4.  South  Bend  numerically  controlled 
milling  machine. 


was  placed  at  the  center  of  the  rotation  of  the 
table.  The  centerline,  as  shown  in  figure  B-1, 
was  placed  parallel  with  the  long  or  X-axis  of 
the  milling  table. 

Study  of  figure  B-1  reveals  that  each  pair 
of  members  meeting  at  a joint  are  perpendicu- 
lar. Thus,  if  the  table  is  rotated  so  that  any 
one  member  is  parallel  with  the  long  axis  of 
the  mi'ling  table,  several  other  members  will 
also  be  parallel,  or  perpendicular,  to  this 
direction.  It  is  a simple  matter  to  mill  the 
sides  of  this  family  of  members  because  thdr 
lengths  and  widths  are  known  from  the 
geometry  of  the  structure  and  the  require- 
ment for  uniform  stress  at  all  points.  The 
coordinate  of  each  point  may  thus  be  calcu- 
lated. An  offset  also  has  to  be  allowed  for  the 
radius  of  the  milling  cutter  since  the  machine 
commands  relate  to  the  coordinates  of  its  axis 
of  rotation. 

A sequence  of  point-to-point  stens,  listed 
in  figure  B-5,  may  thus  be  compiled  to  specify 


traverses  of  the  milling  cutter  in  a series  of 
straight-line  cuts  along  the  parallel  faces  of 
this  family  of  members.  “Miscellaneous  func- 
tion” commands  are  added  to  instruct  the 
cutting  head  to  rise  and  to  fall  wherever 
necessary  in  order  to  move  between  the  cut- 
outs. Another  “miscellaneous  function”  signal 
controls  the  movemenc  of  the  rotary  table  to 
align  the  next  sequence  of  members.  Tliis  pro- 
cedure is  repeated  until  the  program  fully 
details  the  manufacture  of  one -half  of  the 
structure;  for  example,  all  cuts  to  the  right  of 
the  centerline,  shown  in  figure  B-1. 

This  program,  figure  B-5,  is  transferred 
to  punched  tape,  which  is  placed  in  the  tape 
reader  for  the  milling  machine.  When  run,  the 
tape  passes  through  a sensing  head  that,  via 
suitable  circuitry,  instructs  the  Slo-Syn  motor 
to  maneuver  the  cutter  and  to  produce  a 
finished  part.  When  half  the  cantilever  has 
been  milled,  the  tape  is  rewound;  and  the  con- 
trols adjusted  so  that  all  positive  “y”  coordi- 
nates (perpendicular  to  the  centerline)  are 
automatical!:  read  as  negative,  and  vice  versa. 
This  is  known  as  mirror-imaging;  it  enables 
the  second  half  of  the  model  to  be  cut  from 
the  same  tape. 

When  this  work  has  been  completed,  it  is 
hoped  that  the  results  will  indicate  ways  in 
which  plate-fabricated  structures  can  be  most 
logically  lightened  by  the  technique  of  the 
lightening  hole.  Tlie  ideal  Michell  structures 
with  limited  nurr-.b  of  fibers  have  webs  con- 
taining quadrlateial  holes  of  various  sizes  and 
relative  location.  Lightening  holes  are  fre- 
quently designed  into  web-like  plate- 
structures  and  machine  frames  on  an  intuitive 
basis;  however,  it  appears  that  there  is  a logi- 
cal b-^sis  cf  lightening  that  leaves  residual 
material  in  an  optimum  configuration. 
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NUMERICAL  TAPE  CONTROL  PROGRAM 

DEPART^*ENT  OF  MECHANICAL  ENGINEERING,  UNIVERSITY  OF  BRITISH  COLUMBIA 
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Figure  B-5.  Numerical  tape  control  program;  five-fiber  Michell  cantilever  ( Sheet  1 of  i 
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Figure  B-S.  Numerical  tape  control  program;  five-fiber  MicHdl  cantilever  ( Sheet  3 of  3). 
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Introduction 

The  problems  for  orbiting  telescope 
reflectors  are  many.  High  optical  quality  and 
hght  weight  are  the  subject  of  this  paper.  The 
material  selection  for  the  reflector  is  of  great 
importance.  The  weight-to-stiffness  ratio 
should  be  a minimum.  Form  stability  over  a 
large  temperature  range  is  one  of  the  basic 
requirements;  the  temperature  expansion 
should  be  near  zero.  The  material  must  be 
very  uniform  (homogeneous)  and  non- 
corrosive. 

Design  Proposal 

A symmetrical  minor  is  proposed, 
shown  in  figure  1,  with  an  identical  curvature 
on  front  and  back.  The  design  uses  a thin- 
walled  shell,  consisting  of  two  parabolic 
surfaces  and  two  cylindrical  parts,  one  for  the 
outside  diameter  and  one  for  the  Casse- 
grainian  bore.  Inside  of  this  shell  is  a core  of 
foam  made  of  microballons.  Shell  and  foam 
core  are  fused  at  the  entire  boundary  surface. 
The  materials  for  the  structure  must  be 
identical  in  thermal  behavior  and  near  zero  in 
thermal  expansion.  The  symmetrical  shape, 
front  and  back  to  be  equally  concave,  is 
proposed  to  minimize  distortion  caused  by 
temperature  changes  or  delayed  residual  stress 
relaxation. 


Figure  1.  Symmb,ricd  reflector. 


Discussion 

It  is  realized  that  a sphere  is  the  geo- 
metrical form  of  highest  stiffness  and  there- 
fore of  lowest  deformation  due  to  internal 
forces  that  may  cause  bending  or  twisting. 
The  second  best  form  for  stiffness  is  con- 
sidered to  be  & biconvex  lens.  Because  at  least 
one  side  of  the  reflector  body  has  to  be 
concave,  it  is  assumed  that  complete 
symmetry  (concave-concave)  would  offer  high 
stability  against  stress  changes.  To  prove  this 
assumption  is  a part  of  the  proposed 
feasibility  study. 

The  thickness  of  the  mirror  could  be 
very  small  to  suffice  for  the  quiet  orbital 
flight  at  near-zero  gravity.  The  requirement 
for  stiffness  of  the  minor  is  given  by  the 
manufacturing,  finishing,  handling,  shipping, 
and  launching,  rather  than  by  the  flight  con- 
dition in  orbit.  To  save  weight,  the  mirror 
thickness  should  be  a minimtxm,  or  the  mirror 
should  be  made  of  lightweight  material,  or 
both.  To  compensate  for  gravitational  forces, 
which  make  ^al  figuring  very  difficult,  the 
mirror  should  be  floating  50  percent  sub- 
merged in  a liquid  during  grinding,  finishing, 
storage,  and  even  during  launch.  (Details  on 
floating  are  discussed  in  the  paragraph  on 
finishing.) 

Foam  Core  Versus  Honeycomb  Structures 

Tlie  proposal  of  using  a cellular  micro- 
structure (foam)  as  core  of  the  mirror  blank 
has  several  advantages  over  other  types  of 
lightweight  structures.  Core  drilling  is 
expensive,  especially  if  the  holes  are  very 
numerous  and  small.  Casted  cavities,  like  the 
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pattern  of  the  20(>inch  Hale  nyrrojc,  ^e  too 
large  and  h^^e^e  ^h^rei^t  danf^f  of  dewing 
the  quilting  effect  oecause  of  elastic  doforma-' 
tion  during  polishing.  Eggcrate  design  has 
similar  problems.  Large  cavities  eccentrically 
or  centrally  located  to  the  mirror  thickness 
may  also  impair  the  mirror  quality  at  temper- 
ature changes  (the  quilting  effect  again). 
Therefore,  it  can  be  safely  assumed  that  a 
very  fine  cellular  structure  may  be  the  best 
way  to  save  weight  without  endangering  the 
figure.  Depending  upon  the  type  of  foam,  up 
to  80  percent  of  the  weight  may  be  saved  in 
the  mirror  blank  as  compared  to  a solid  blank. 

Manufacturing 

There  are  several  problems  to  be  solved. 
One  is  forming  the  3-meter  parabolic  reflector 
to  the  right  curvature  to  require  a minimum 
amount  of  stock  removal  in  final  finishing. 
This  operation,  starting  with  a flat  disk,  may 
be  accomplished  in  an  oven  by  using  vacuum 
or  gas  pressure  and  a form  die  of  proper 
dimensions.  The  cylindrical  parts  of  the  shell 
must  be  formed  to  fit  over  the  3-meter  out- 
side diameter  of  the  parabolic  reflector  and 
inside  of  the  center-bore  (Cassegrainian 
opening).  The  fit  should  allow  the  parabolic 
reflector  to  slide  as  the  core  material  (foam) 
shrinks  during  the  sintering  process.  Proper 
tooling  must  prevent  the  form  change  of  the 
parabolic  parts  while  at  fusing  temperature. 
The  fusing  process  needs  to  be  developed  for 
this  particular  application,  e.g.,  temperature 
profile  over  time,  form  tooling,  pressure,  etc. 
The  assembly-fusing  process  must  accomplish 
a stiff  foam  well-bonded  to  the  shell  over  the 
entire  surface.  Ultrasonic  testing  may  be 
practical  to  inspect  the  bond.  Complete  stress- 
relieving  of  the  whole  assembly  is  most 
important. 

Finishing 

During  finishing,  the  reflector  should  be 
floating  in  a liquid  of  twice  its  density  to 


eliminate  the  sagging  of  the  center  portion 
due  to  gravity.  The  reflector  would  submerge 
to  half  of  its  thickness  so  that  the  buoyancy 
force  at  every  surface  element  would  be  equal 
to  the  wei^t  of  the  particular  area.  See 
figure  2.  This  balance  of  forces  is  very 
desirable  but  hard  to  accomplish  considering 
the  shifting  weight  of  the  polishing  tool.  At 
least  the  flotation  gives  a fairly  uniform 
support.  The  need  for  holding  the  mirror 
against  rotating  and  lateral  motions  in  the 
flotation  vat  during  finishing  causes  additional 
problems.  Arresting  the  mirror  in  plaster  of 
Paris  or  in  a dissolvable  soft  material  of  the 
right  density  may  be  a solution.  The  reflector 
should  be  finished  at  both  sides  to  enhance 
form  stability. 


'._T  . 

Figure  2.  Floating  reflector,  50  percent  submerged. 


Testing 

To  avoid  distortion  of  the  figure  by 
gravity,  the  testing  of  the  mirror  should  be 
done  in  the  flotation  vat,  properly  limited 
against  lateral  shifting. 

Concluding  Remarks 

It  is  realized  that  the  above  proposal  is 
very  unusual  and  a radically  new  approach  to 
the  problem,  but  it  has  enouglu  merits  to 
invite  a feasibility  study.  The  pioposals  of 
symmetry  and  quartz  foam  core  are  indepen- 
dent ideas  and  can  be  employed  together  or 
separately. 


Structural  Deformation  of  an  Orthotropic  Plate 


Francis  W.  Niedenfuhr  f .f  N70-36711 

Department  of  Defense 
Advanced  Research  Projects  Agency 


In  the  design  of  mirrors  and  support 
cells,  we  have  frequently  to  deal  with  the 
effects  of  point  loads  inducing  the  deforma- 
tion of  elastic  plates.  Such  problems  are  rela- 
tively well  studied  for  isotropic  plates,  but  the 
effects  of  structurally  induced  orthotropy  are 
not  often  discussed.  Carefully  chosen  patterns 
of  orthotropy  can  be  usefully  employed,  how- 
ever, to  control  local  deformations  in  a 
manner  that  would  be  advantageous  to  an 
optical  system  designer.  A case  in  point  is  the 
design  of  a connecting  structure  that  carries 
the  weight  of  a large  mirror  into  a three-point 
kinematic  support.  Viewed  from  the  mirror- 
support  end,  it  is  highly  desirable  that  the 
connecting  structure  deflect  in  a radially 
symmetrical  pattern  so  that  the  mirror  is 
supported  uniformly  around  its  edge  or 
mounting  ring.  A three-point  kinematic 
support,  on  the  other  hand,  induces  a defor- 
mation pattern  of  plate  bending  of  the  type 

OO 

W = 21  Fj^fr)  cos  nd  (1) 

0,3,6... 

In  this  note,  it  is  shown  that,  with  the  proper 
use  of  constructional  orthotropy,  the  func- 
tions Fn  of  equation  (1)  can  be  made  to 
decrease  very  rapidly  with  increasing  radius,  r, 
so  that  it  is  possible  to  design  a plate  which  at 
r * a carries  three-point  loads,  yet  at  r = b has 
a deformation  pattern  of  the  type 
W»  constant;  i.e.,  the  deflection  does  not 
depend  on  the  polar  angle  0 at  r ® b.  A mirror 
attached  to  this  plate  at  r » b would  then  be 
perfectly  uniformly  supported.  The  general 
scheme  of  support  envisioned  is  as  shown  in 
figure  1. 


Figure  I.  General  scheme  of  mirror  support. 


Since  we  do  not  have  a specific  cell  design  in 
mind,  but  wish  only  to  demonstrate  the 
qualitative  effect,  it  will  suffice  to  deal  with 
tlie  analysis  of  an  infinite  circular  plate, 
bounded  by  a hole  of  radius  a,  where  it  is 
subjected  to  three  concentrated  forces,  P, 
separated  from  each  other  by  120  degrees,  as 
shown  in  figure  2. 
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Lekhnitsky,  in  his  book  Anisotropic 
Plates,  GITTL,  Moscow  1957  (in  Russian), 
gives  the  basic  equation  governing  polar 
orthotropic  plates: 


I* 


dr* 


Dg 

r"  be* 


+-1d. 


dr^ 


I^r0 


d^W 

dr30* 


^ a^w 

r*  dr* 


4.2  rn  +n 


+£?  3W 

r’  ar 


q (r,0) 


(2) 


Where  D^,  D^,  and  Dj.^  are  the  bending  stiff- 
nesses, w is  the  deflection;  and  q is  the  trans- 
verse load.  In  the  case  of  isotropy, 
Dj.  = Dj6  -D0-D  and  equation  (2)  reduces 
to  the  usual  Lagrange  plate  equation 


DV*  W = q (3) 


We  shall  consider  a solution  of 
equation  (2)  in  the  form  of  equation  (1)  for 
the  case  ^own  in  figure  2 and  shall  study  the 
rate  of  decay  of  the  functions  in  the 
orthotropic  case  as  compared  to  an  isotropic 
plate  of  the  same  weight.  The  end  result  of 
the  analysis  is  that,  in  the  orthotropic  case, 
these  functions  can  be  made  to  decay  very 
rapidly  with  increasing  radius. 

For  the  problem  under  consideration, 
the  boundary  conditions  are 

Mf  “ 0 at  r = a,  (4) 


while 


aw 

ar 


-►  0 as  r 


(6) 


We  shall  consider  the  orthotropy 
induced  by  milling  circumferential  rings  on 
the  plate.  This  leaves  the  radial  stiffness,  Oj., 
and  twisting  stiffness,  unchanged  from 
those  of  an  isotropic  plate  so  that  they  can  be 
set  equal  to  D,  where 


D * 


Eh^ 

12(1-P*) 


(7) 


These  rings  will,  however,  increa**  the  circum- 
ferential bending  stiffness  D|j  relative  to  D so 
that  we  can  write 


Dff  = kD  (8) 

where  k is  a parameter  determined  from  the 
geometry  of  the  stiffening  rings. 

To  obtain  the  solutions  of  interest,  we 
substitute  equations  (1)  and  (8)  in 
equation  (2).  Then,  seeking  solutions  of  the 
type 


F„(r)  = rP 


(9) 


we  obtain  the  characteristic  quartic  equation 

p^  - 4p^  + 1 5 - 2n*-  k]  p*  + (4n*  + 2k - 2]  p 
•!  {kn^-2n*  (l+k)l-0  (10) 


and 


Qr  + 


1 ®^rd 
r be 


_P 

air 


E 


3,6,9. 


cosn6 


(5) 


Observing  that  the  sum  of  the  roots  is  4,  we 
tentatively  try  factors  of  the  type 


(p-l±/J,)(p-l±/J,)  « 0 (11) 

Multiplying  together  four  factors  of  this  type 
and  identifying  the  resulting  coefficients  with 
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those  of  equation  (10),  we  ultimately  find  l=5h  yields  k = 6.4  and  gives  a reasonable 
auxiliary  equations  for and  ^2 • looking  arrangement.  Then,  using 

equations  (13)  and  (14),  we  find  for  n = 0,3 


-(1  +2n’  +k)0i*  +k(n*  - 1)*  =0 


^0  ~ ^o  ®o  ^ ^o 


These  are  easily  solved.  A useful  formula  for 
is 


2j3,  * = ( 1 + 2n*  + k)  ± Ik^  - 2k  (2n“  - 6n^  + 1 ) 
+ (4n* +4n*  + 1)1’^*  (14) 


From  equation  (14)  we  note  that  each  of 
the  four  roots  of  equation  (10)  increases  in 
absolute  magnitude  with  increasing  n.  Since 
we  are  interested  in  those  roots,  p,  which  give 
us  the  lowest  rate  of  decay  of  F^,  (i.e.,  the 
worst  case,  structurally),  we  confine  our 
further  considerations  to  the  cases  n = o and 
n = 3. 

Furthermore,  it  is  appropriate  at  this 
point  to  introduce  some  definite  con- 
figuration for  the  circumferential  stiffening 
rings.  Figure  3 shows  a radial  cross-section  of 
a typical  case. 

-H  h- 


and 

Fj  =f-4.06  cos  (1.94  Inr) 

+ 83  sin  (1.94  lnr)l  + r^-®*  [C3  cos(1.94  Inr) 

+ D3  sin  (1.94  lnr)l  (16) 

The  corresponding  solutions  for  the 
isotropic  case,  denoted  by  jF„  are 

1^0  = Ag  + Bor* +Colnr + Dor*  Inr 
1^3  = A3  r ^ + 83  r ‘ + C3  1^  + D3  r® 

Direct  comparison  of  equations  (16)  and  (17) 
indicates  that  the  bending  effects  damp  out 
much  more  rapidly  in  the  oithotropic  case. 
Figure  4 shows  the  results  of  some  numerical 
calculations  using  the  boundary  conditions 
expressed  in  equations  (4),  (S),  and  (6)  and 
neglecting  Poisson’s  ratio. 


Figure  4,  Variation  of  bending  effects  with  radius. 
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The  data  in  figure  4 were  calculated  for  two 
plates  of  equal  weight,  which  makes  the  ring 
reinforced  plate  a bit  thinner  overall,  thus 
accounting  for  its  larger  deflection  at  the  edge 
of  the  hole. 

The  example  given  rather  clearly  points 
out  that  ring  reinforcements  are  very  effective 
for  damping  out  circumferential  bending.  It  is 
at  Che  same  time  intuitively  obvious  that 
radial  reinforcements  will  inhibit  radial 
bending  but  not  circumferential  bending.  It  is, 


of  course,  those  elastic  modes  containing  a 
high  degree  of  circumferential  bending  which 
induce  optically  damaging  mirror  deforma- 
tions and  which  are  impossible  to  compensate 
for  by  refocusing. 

It  is  hoped  that  the  results  described  in 
this  note  may  prove  useful  in  the  design  of 
fixtures  for  handling  .^nd  testing  large  mirrors 
on  the  earth  and  also,  perhaps,  in  some  phase 
of  mounting  for  orbital  use. 
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Transverse  Deflections  of  a 45-Inch-Diameter, 
Lightweight  Mirror  Blank:  Experiment  and  Theory 

W.  P.  Bames 
Itek  Corporation 
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Introduction 

In  the  design  of  lightweight  mirror  struc- 
tures consisting  of  two  thin  plates  connected 
by  a core  structure  whose  mean  density  is 
substantially  less  than  that  of  a solid  core,  the 
influence  of  shear  forces  on  the  total  deflec- 
tion may  equal  or  exceed  that  of  the  pure 
bending  behavior  of  the  mirror  blank.  Some 
considerations  of  the  overall  bending  and 
shear  behavior  of  such  structures,  for 
circularly  symmetric  support,  will  appear 
shortly  in  Applied  Optics  (ref.  1 ).  In  this  dis- 
cussion, we  consider  the  case  of  a centrally 
loaded  mirror  supported  at  three  points 
equally  spaced  around  the  edge  of  the  blank. 
The  theoretical  calculation  for  this  case  is 
developed  and  compared  witu  deflections 
measured,  by  using  holographic  inter- 
ferometry, on  a 45-inch-diameter  mirror 
blank  loaned  to  us  by  Heraeus-Schott 
Quarzschmelze  GMBH.  An  exposition  of  the 
holographic  technique  we  have  used  will  also 
appear  in  Applied  Optics  (ref.  2). 

Experimental  Results 

The  mirror  blank  fabricated  by  Heraeus- 
Schott  consists  of  a monolithic  core  and  a 
backpiate  of  their  opaque  fused  silica.  Weight 
has  been  removed  from  the  core  by  drilling 
and  milling  2-inch-diameter  blind  holes  to 
within  1 inch  of  the  rear  surface  with 
7/ 16-inch-diameter  venting  holes  carried 
through  the  rear  plate.  To  this  core  and  back- 
plate  structure  is  fused  a solid  disk  of  clear 
fured  silica.  Photographs  of  the  rear  and  a 
portion  of  the  edge  of  the  structure  are  shown 
in  flgure  1 . (Some  dimensional  details  are  con- 


sidered further  in  the  “Theoretical  Treat- 
ment.”) The  central  area  of  this  blank  has 
been  prepared  for  a Cassegrain  perforation. 


(a)  Portion  of  edge 


(b)  Rmvkw 

Figure  L HermaSehott  llghtwel^t  mbrw  blank. 
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With  appropriate  flxturing  and  force 
measurement,  the  holographic  interferogram 
of  figure  2 was  obtained  with  a central  load 


Figure  2.  Holographic  interferogram  obtained  \>ith 
central  had  fc.  250  pounds;  and  three-point  edge 
support. 

and  three-point  edge  support.  The  deflection 
data  obtained  from  this  interferogram,  along  a 
diametral  line  through  one  support  point,  are 
shown  in  figure  3.  A moderate  interpolation, 
at  r ~ 0,  was  made  to  establish  the  reference 
w * 0 at  r = 0,  while  requiring  dw/dr  * 0 at 
r « 0.  The  data  shown  are  for  a central  load  of 
250  pounds.  The  total  weight  of  this  blank 
was  430  pounds. 


Figure  3.  Deflection  versus  radkss  along  one  diameter 
through  a support 


Theoretical  Treatment 

In  my  paper  (ref.  1),  I have  developed 
expressions  for  the  flexural  rigiiiity,  D,  and  a 
shear  coefficient,  K,  from  both  elementary 
considerations  and  the  work  of  Timoshenko 
and  Woinowsky-Kreiger  (ref.  3)  and  Cowper 
(ref.  4).  A representative  cross-seCv.on  of  a 
lightv/cight  structure  with  uniformly  thick 
ribs  is  shown  in  figJire  4,  and  the  expressions 
are 

• 2t 

K ad  - 1)  ‘ 

where 

E = Young’s  modulus 

V = Poisson’^  ratio  for  the  blank 

material 

h - total  blank  thickness 

a ~ ratio  of  rib  thickness  to  “rib 

spacing’’  (assuming  uniform  rib’’) 
t = ratio  of  plate  thickness  to  total 

blank  thickness  (assuming  sym- 
metrical construction) 


Figure  4.  Typical  cross-sectional  element  (B»ceO 
spacing;  t*rath  of  plate  thickness  to  totsd 
thickness:  h"  total  thlckners;  a •rath  of  rib 
thk/cness  to  cell  spaein*). 


TRANSVERSE  DEFLECTIONS  OF  LIGHTWEIGHT  MIRROR  BLANK 


289 


For  this  blank,  the  ribs  are  not  of  uniform  Timoshenko  also  gives  V as 
thickness,  nor  is  the  front  plate,  because  of 
local  sag  during  fusing  and  the  subsequent 
grinding  of  the  front  surface  to  a smooth  Y 

curve.  Measurements  of  the  blank  yielded  the 
following; 

where 


Front  plate  thickness  = 3/4  ± 1/8  inch 
Backplate  thickness  = 1 ± 1/16  inch 
Total  thickness  = 6-1/4  inches 
Outside  diameter  = 44-5/8  inches 

An  average  value  of  t = 0.14  was  used  in  the 
calculations,  and  the  value  of  a used  was 
calculated  by  equating  the  mean  core  density 
to  that  of  a core  with  ribs  of  uniform  thick- 
ness, first  subtracting  the  plate  weight  for  the 
above  value  of  t from  the  total  measured 
weight  of  the  blank,  yielding  a = 0.2 1 . 

For  our  case,  following  Timoshenko 
(ref.  3),  we  may  obtain  the  bending  deflec- 
tion, Wj,,  in  radial  coordinates  p (normalized) 
and  5 by 


Mre  = (1 


_a 

dr 


+ 


r or 


_LJi 

r^  36^ 


-f)D 


I 

r dr  00 


J.JL' 

r*  302 


'^b 


Applying  these  operations  to  the  expression 
for  Wjj,  taking  the  central  load  to  be  uni- 
formly distributed  over  a small  circle  of 
normalized  radius  b,  w<*  obtain  at  p = b , 0 = 0 : 


3 + f m?3,6,9,...  U(m-l) 

+ 2(1  +»>) /(!-«>)  . _pL_1 

m2(m-l)  ni(m+l)J 

where 

P = central  load 
a = outer  radius  of  blank 


p™cos  m0 


} 


Combining  Timoshenko  and  Cowper 
(ref.  4),  we  find  the  r derivative  of  the  shear 
deflection,  Wj,  to  be 


and  for  p>b;  0=0; 

\ m-3,6,9,... 

. f(l  -F)m  + 2(1  +V)1 

^pin-2 . b™*2)  I cos  m0 


dWg  oWg  Vr 
“ dap  “ Gior 

where 

V = effective  vertical  reaction,  per 
unit  length,  on  an  r face 
G = sheai  modulus  of  blank 
material 


The  calculated  variation  of  *he  total 
deflection,  Wj,  + Wj  is  also  plotted  on  figure  3. 

Conclusions 

It  is  somewhat  premature  to  draw  firm 
conclusions  from  the  above  calculations,  but 
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it  appears  that  we  may  be  able  to  establish  a 
well  founded  and  fairly  elementary  theo- 
retical basis  for  the  calculation  of  the 
transverse  deflections  of  lightweight  mirror 
structures.  At  this  point  in  time,  our  principal 
need  is  a more  extensive  comparison  with 
experiments  including  a reasonable  range  of 
the  parameters  of  a and  t. 
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Introduction 

The  system  analyst,  or  the  user,  of  a tele- 
scope system  requires  information  concerning 
the  surface  figure  of  the  optical  components 
in  order  to  infer  the  characteristics  of  the 
wavefront  produced  by  the  system  and, 
hence,  the  resolution  or  other  performance 
measure.  In  space  astronomy,  where  the 
aberrations  produced  by  surface  figure  errors 
may  be  considered  to  be  more  important  to 
ultimate  system  performance  than  in  earth- 
based  astronomy,  this  information  should  be 
a highly  accurate,  absolute  measure. 

On  the  other  hand,  the  optician,  while 
also  requiring  information  concerning  the 
surface  figure  of  the  optical  components,  has 
a substantially  different  reason.  The  optician 
must  remove  portions  of  the  surface  of  the 
optical  components  in  order  to  correct  the 
figure  to  some  predetermined  tolerance.  The 
nature  and  precision  of  the  measurement 
technique  used  will  vary  with  the  naiure  and 
precision  of  the  surface  removal  technique 
used. 

This  paper  discusses  these  differences 
and  makes  recommendations  of  appropriate 
techniques  to  be  used,  especially  during  the 
final  stages  of  figuring. 

Stages  of  Large  Mirror  Manufacturing 

The  process  of  manufacturing  large 
mirrors  (as  opposed  to  refractive  component", 
of  photographic  lenses)  will  be  considered  as 
proceeding  in  stages: 

Generating.  The  mirror  blank  is 
machined  to  its  general  mechanical  configu- 
ration. Up  to  several  centimeters  may  be 


removed  during  this  process  while  the  figure 
accuracy  may  be  held  to  within  5 to  10 
microns.  (Surface  roughness  is  approximately 
10  times  that  amount.)  The  most  significant 
figure  error  to  be  eliminated,  or  at  least  to  be 
kept  to  a minimum,  is  rotational  asymmetry. 
If  an  asymmetric  surface  error  is  introduced 
at  this  stage  and  discovered  later  on,  the  only 
correction  usually  possible  is  to  regenerate  or, 
at  best,  to  regrind. 

Grinding,  The  surface  roughness  is 
reduced  to  3 to  5 microns,  generally  by  loose, 
abrasive,  grinding  techniques.  The  figure  is 
refined  to  within  1 to  3 microns  of  the 
required  figure. 

Polishing.  The  surface  is  brought  to  a 
smooth,  highly  reflecting  finish  with  fine 
abrasive  on  a resilient  lap.  The  figure  is  kept 
to  within  the  tolerances  produced  in  grinding. 

Figuring.  The  same  surface  removal  tech- 
niques as  in  polishing  are  used,  but  the  surface 
is  corrected  to  the  required  figure  (generally 
less  than  0.1  micron). 

Qualification  or  Acceptance  Testing.  The 
surface  is  evaluated  to  determine  whether  or 
not  it  is  within  the  specified  tolerances. 

Surface-Figure  Measurement  Technique 

The  method  used  to  evaluate  surface 
figure  may  be  categorized  as  being  either 
mechanical  or  optical,  and  the  optical 
methods  as  either  slope  or  contour  measure- 
ments. The  best  use  of  the  mechanical 
methods  is  during  generating  and  the  early 
stages  of  grinding. 

Optical  measurements  of  surface  figure 
become  more  useful  during  final  grinding  and 
when  the  surface  is  polished. 
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Application  of  Tests  During  Manufacturing 

Surface  measurements  during  the  gener- 
ating and  grinding  stages  of  the  manufacturing 
process  are,  in  general,  limited  to  mechanical 
measurements.  Even  so,  by  using  several  of 
the  readily  available  precision  indicator 
probe%  (^  gauges  and  electromechanical 
probelf  f^  it  i^^oMtt  tc^^read  the 

relative  position  or  points  oq  ^ surface  to 
witliin  1 to  2 microns. 

We  have  experimented  recently  at  Itek 
with  various  techniques  for  treating  ground 
surfaces  with  wax  in  order  to  allow  the  use  of 
interferometric  techniques  for  figure  evalu- 
ation even  at  this  early  stage  of  manufacture. 

Once  the  reflectance  of  the  surface  has 
been  increased,  either  by  wax  application  or 
by  polishing,  it  is  possible  to  use  optical  tech- 
niques for  surface  figure  measurements.  The 
optical  tests  generally  used  during  polishing 
and  the  early  stages  of  figuring  are  geo- 
metrical slope  measurements,  such  as  the 
Foucault  knife-edge  test  (ref.  1)  or  the 
Ronchi  grating  test  (ref.  2)  using  low  fre- 
quency gratings.  Both  of  these  techniques  are 
very  sensitive  tests  for  zonal  aberrations; 
however,  they  are  qualitative,  indicating  to 
the  optician  the  location  of  the  zonal  aber- 
ration but  being  somewhat  ambiguous  in 
giving  a quantitative  evaluation  of  their  mag- 
nitude. More  quantitative  measurements, 
which  are  also  limited  to  slope,  may  be  used 
at  this  point  in  the  manufacturing  process  by 
applying  interferometric  techniques.  The 
most  common  of  the  slope-measuring  inter- 
ferometers are  Wavefront  Shearing  Inter- 
ferometers (WSI),  either  of  the  beam  division 
type  described  by  Saunders  (ref.  3)  and 
Brown  (ref.  4)  or  the  high  frequency  Ronchi 
grating  (ref.  S),  which  produces  a wavefront 
shear  by  diffraction.  These  measurements  of 
dope  are  more  quantitative  than  the  slope 
measurements  produced  by  the  knifeedge 
test,  but  they  have  several  weaknesses. 

The  interferogram  produced  by  the 
wavefront  shearing  interferometers  is  a 
contour  of  the  slope  of  the  wavefront  or,  in 
essence,  the  partial  derivative  of  the  wave- 
front  with  respect  to  the  direction  of  shear. 


Saunders  (ref.  3 ) has  pointed  out  that  the  WSI 
data  may  be  integrated  to  obtain  the  profile 
of  the  wavefront  only  in  the  direction  of 
shear  and  only  at  points  that  are  spaced  equal 
to  the  amount  of  shear. 

Therefore,  in  order  to  obtain  the  m- 
tour  of  the  entire  wavefront,  several  inter- 
ferograms,  with  the  shear  direction  relative  to 
the  surface  under  test  different  in  each,  are 
reduced  to  a wavefront  profile  and  then  fitted 
to  the  same  surface.  The  reduction  of  the  WSI 
interferogram  to  a wavefront  profile  consists 
of  applying  a numerical  integration  process. 
The  effects  of  any  smoothing  or  any  error  in 
any  individual  datum  point  are  cumulative 
and  affect  more  than  just  that  one  point, 
thereby  leading  to  an  overall  error  in  the 
wavefront  profile. 

Furthermore,  because  the  surface  figure 
profile  may  be  obtained  in  only  one  direction 
(the  shear  direction)  per  interferogram,  these 
techniques  are  quite  susceptible  to  errors  in 
the  measurement  of  surface  asymmetry, 
which  is  one  of  the  more  difficult  surface 
aberrations  to  correct  during  final  figuring. 

In  order  to  obviate  the  disadvantages 
inherent  in  the  admittedly  convenient-to-use 
measurements  of  wavefront  slope,  it  is  neces- 
sary to  use  an  interferometric  technique  that 
provides  a direct  measure  of  surface  contour 
and  one  which  is  equally  sensitive  to  errors  in 
two  dimensions.  The  two  most  common 
instruments  used  for  this  purpose  are  the 
Twyman-Green  and  the  Burch  Scatterplate 
(sometimes  called  Diffusion)  Interferometers 
(ref.  6). 

Until  recently,  the  principle  advantage 
possessed  by  the  Burch  interferometer  over 
the  Twyman-Green,  was  that  the  Burch  inter- 
ferometer did  not  require  an  external 
reference  surface  in  order  to  produce  inter- 
ference. The  Twyman-Green  required  a 
reference  of  the  same  size  as  the  mirror  to  be 
tested  because  of  the  limited  coherence  length 
of  light  sources  available.  With  the  advent  of 
Twyman-Green  interferometers  using  helium- 
neon  gas  lasers  as  sources,  this  advantage  of 
the  scatterplate  has  been  eliminated.  In  fact, 
the  inherently  low  visibility  fringes  produced 
by  tlie  scatterplate  place  it  at  a disadvantage 
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when  compared  to  the  high  visibility  fringes 
produced  with  the  Laser-illuminated  Unequal 
Path  Interferometer  (LUPI)  of  the  type 
described  by  Houston  (ref.  7).  One  of  the 
considerable  advantages  of  the  LUPI  pointed 
out  by  Houston  is  its  easy  adaptability  to  null 
lenses,  which  permit  the  fabrication  of 
aspheric  surfaces  in  a very  direct  manner. 

The  tests  that  must  be  accomplished  for 
final  acceptance  contain  problems  similar  to 
those  faced  during  the  final  stages  of  figuring. 
The  final  acceptance  test  usually  requires  the 
data  describing  the  surface  contour  to  be 
stated  in  terms  more  closely  related  to  image 
quality  than  a simple  peak-to-peak  number. 
For  example,  a first-class  manufacturer  of 
optical  components  produced  for  Itek  a 
spherical  mirror  of  0.85-meter  diameter  with 
a radius  of  curvature  of  8.3  meters.  The  spec- 
ification for  the  mirror  required  that  the  rms 
wavefront  deviation  error  produced  by  the 
mirror  at  the  center  of  curvature  was  to  be 
less  than  X/20  (where  X is  equal  to  632.8nm), 
Tests  made  with  a WSI  by  the  manufacturer 
indicated  that  the  wavefront  produced  by  the 
mirror  was  within  this  tolerance  (0.045X). 
Itek  performed  an  acceptance  test  on  this 
mirror  using  an  Itek  LUPI  and  found  that  the 
rms  wavefront  produced  by  the  mirror  was 
0.0S3X.  An  examination  of  the  data  indicated 
that,  due  to  the  particular  asymmetric  nature 
of  the  surface,  the  WSI  data  was  inaccurate 
because  of  (1)  the  one  dimensional  nature  of 
the  interferometer,  (2)  errors  introduced  by 
the  integration  technique  of  data  reduction 
which  produced  some  smoothing,  and  (3),  of 
most  significance,  errors  introduced  by  the 
sampling  pattern  on  the  surface. 

The  LUPI  is  used  at  the  center  of  curva- 
ture of  the  spherical  mirror  with  a diverging 
lens  to  produce  a sph''ricai  wavefront  The 
returning  wavefront  interferes  with  an 
internally  produced  reference  wave,  pro- 
ducing an  interferogram  (fig.  1)  in  which  each 
fiinge  is  a contour  line  of  equal  optical  path 
difference  between  the  test  and  reference 
wavefront  The  optical  path  difference  from 
one  fringe  to  the  next  is  eoual  to  one  wave- 
length of  tne  light  from  the  helium-neon  gas 
laser,  63  2. 8 nanometers. 


Figure  1.  LUPI  interferogram  of  0.85-meter-diameter 
mirror. 


The  interferogram  is  converted  to  a 
digital  map  of  X and  Y coordinates  of  the 
fringes  with  points  nearly  equally  spaced  over 
the  surface,  usually  in  a matrix  of  17  x 17 
sample  points  (fig.  2.)  A digital  computer 
analyzes  the  digital  map,  fitting  the  data  in  a 
least  square  deviation  manner  to  a sphere. 
From  these  results,  the  computer  produces  a 
contour  map  (fig.  3)  of  the  wavefront  and 
computes  an  rms  value  of  the  wavefront 
defined  by: 


rms 


iJ=(U) 


(PCij))' 

nm 


y-i 


where  D (ij)  is  the  deviation  from  the  best 
fitting  sphere  at  the  coordinates  (iJ), 
and  1 s i < n,  1 s j s m,  nm  being  the  total 
number  of  points  sampled. 
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Figure  2.  Sampling  patterns  for  computing  rms  wave- 
front  from  LUPI  interferogram. 


Figure  3.  Contour  map  obtained  from  tnterfe^vgram 
shown  in  figure  1. 


In  this  evaluation,  every  point,  each  con- 
taining an  equal  amount  of  information  about 
the  wavefront,  carries  an  equal  weight  in  the 
computation. 


In  the  WSI  tests  performed  by  the  mirror 
manufacturer,  eight  interferograms  (a  repre- 
sentative example  shown  in  fig.  4),  oriented  at 
45  degrees  relative  to  each  other,  were 
obtained  with  16  data  points  along  each 
diameter  (sphere  = D/ 16).  These  data,  when 
reduced,  give  wavefront  deviation  across  4 
diameters  (since  the  0°  = 1 80°  raw  data  are 
for  the  same  diameter  as  the  1 80°  - 0°  data) 
as  shown  in  fig.  5. 

The  rms  value  of  the  wavefront  is  given 
by: 


W(iJ)^D(ij))^ 

^nm 

'"(iJ) 

where  D (ij)  is  the  deviation  of  the  wave- 
front  coordinates  (iJ), 

W (iJ)  is  the  weighing  factor  applied 
to  each  point, 

n,m  are  the  number  of  points  on 
each  radius  and  the  number  of 
radii  sampled,  respectively. 


Figure  4.  WSI  interferogram  of  0.  Sj-metenliameter 
nUrror. 
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We  may  obtain  the  weighing  factor 
W(i  j)  by  considering  the  area  that  each  data 
point  is  supposed  to  represent.  In  polar  co- 
ordinates (p,0),  the  area  for  each  data  point 
can  be  represented  by: 


A 


_ 2ff  pdp 
(*j)  m ~ 


The  weight  is  given  by: 


2n  pdp 


^(iJ)  m(7rp 


max 


*) 


where  Aj  = the  total  area  of  the  wavefront 
being  examined, 

the  radius  of  the  wavefront,  and 


^max 
m = 


number  of  radii  along  which 
samples  are  taken. 


Since  all  points  are  equally  spaced  in  the 

radial  direction,  the  term  2 is  constant 

"^max 

for  all  points,  so  that  the  weighing  factor,  is 


W, 


(ij) 


«P  . 


Figure  5.  Sampling  patterns  f'*”  computing  rna 
wavefront  from  WSI  interferogram. 


In  the  sampling  pattern  used  by  the 
manufacturer,  the  radius  of  the  outer  ring  of 
data  points  is  1 5 times  the  radius  of  the  inner 
ring;  i.e.,  a point  on  the  outer  ring  is  weighted 
IS  times  as  much  as  a point  on  the  inner  ring 
even  though  it  contains  the  same  amount  of 
information  about  the  wavefront. 

In  order  to  resolve  the  differences  in  test 
results,  the  contour  map  produced  at  Itek  was 
reevaluated,  the  rms  wavefront  being  com- 
puted with  the  unequally  weighted  points  of 
the  WSI  data  reduction  technique.  The 
remaining  discrepancy  was  found  to  be  less 
than  0.002X! 

The  wavefront  contour  measured  with 
the  LUPI  can  be  Fourier-transformed  in  two 
dimensions  to  obtain  a system  Modulation 
Transfer  Function  (MTF),  which  leads  to  a 
minor  variation  in  the  usual  method  of 
specifying  optical  surfaces.  The  surface 
requirement  is  given  in  terms  of  the  rms  wave- 
front  produced;  however,  when  the  required 
figure  is  approached  to  within  approximately 
50  percent,  the  interferograms  are  reduced  to 
MTF  in  addition  to  wavefront  contour.  The 
optical  components  are  accepted  directly  on 
the  basis  of  MTF,  regardless  of  whether  the 
wavefront  meets  the  goal  specification. 
Details  of  this  technique  were  reported  by 
Lerman  (ref.  8)  and  Minnick  and  Rancourt 
(ref.  9). 

Conclusion 

Testing  of  the  surface  figure  of  optical 
components  should  give  results  that  are  useful 
to  the  optician  and  sufficiently  accurate  for 
the  system  analyst.  Experience  has  shown 
that  ^e  most  reliable  and  convenient  tech- 
nique for  accomplishing  this  objective  is  dual- 
beam interferometry,  which  produces  direct, 
two-dimensional,  wavefront  contours. 
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Figure-Sensing  Techniques 

Robert  Crane,  Jr. 

The  Perkin-Elmer  Corporation 


> N70-36714 


This  paper  describes  briefly  the  appli- 
cation of  two  different  flgure-sensing  inter- 
ferometers currently  us';d  by  Perkin-Elmer  for 
testing  large  optics.  The  first  is  the  scatte^ 
plate  interferometer  that  was  used  in  the  final 
testing  of  the  Stratoscope  II  primary  mirror. 
The  second  is  a phase-measuring  interferom- 
eter, which  was  used  as  a figure  sensor  in  an 
active  optics  demonstration. 

The  Stratoscope  II  primary  mirror 
consists  of  a solid,  36-inch,  fused  silica 
paraboloid.  During  manufacture,  this 
paraboloid  was  supported  in  a vertical 
position  and  was  measured  with  an  equal  path 
interferometer.  For  the  final  figuring,  the 
minor  was  supported  on  its  counterweight 
support  assembly,  as  it  was  to  be  used  in  the 
telescope,  and  was  tested  in  a vertical  vacuum 
tank  wi^  the  scatterplate  interferometer. 
Final  hand-figuring  was  done  on  the  basis  of 
the  data  extracted  from  the  scatterplate  inte^ 
ferograms. 

Figure  1 shows  the  optical  arrangement 
for  a scatterplate  interferometer.  The  source 
of  illumination  is  located  at  the  left  in  the 
figure;  the  optical  element  being  tested, 
located  at  the  right,  is  not  seen  in  the  illus- 
tration. The  scatterplate  is  a flat  glass  plate 
having  a large  number  of  scattering  centers  on 
one  surface.  The  only  special  characteristic  of 
the  plate  is  that  the  scatterers  appear  in  pairs, 
with  each  pair  located  symmetrically  about 
tire  center  of  the  plate.  This  means  tiiat,  for 
each  scatter  point  above  the  center  line  shovm 
in  figuiel,  there  will  be  a corresponding 
second  scatte.  point  located  an  equal  distance 
below  the  center  line.  The  scatterplate  is 
located  with  its  center  on  the  optical  axis  and 
slightly  in  front  of  the  center  of  curvature  of 


the  mirror  being  tested.  Interference  takes 
place  in  this  interferometer  between  two 
spherical  bundles  of  rays  whose  centers  of 
(Mergence  are  separated  by  a small  distance, 
shown  as  “2S”  in  figure  1. 

As  the  source  of  illumination  passes 
through  this  scatterplate,  it  is  divided  into 
two  portions.  Tlie  first  portion  is  scattered  by 
the  first  set  of  small  scattering  points.  Each 
point  generates  a divergent  bundle  of  rays 
that  fully  illuminates  the  mirror  being  tested. 
These  bundles  are  reimaged  at  a point  close  to 
the  scatterplate  but  on  the  opposite  side  of 
the  center  of  curvature  of  the  mirror.  Each 
bundle  then  diverges  and  continues  to  the 
film  plane. 

The  second  portion  of  the  incident  light 
is  unaffected  by  the  scatterplate  and  is  imaged 
on  the  surface  of  the  mirror  being  tested.  Ttds 
portion  is  reflected  back  tluoui^  the  scatter- 
plate again.  A portion  of  this  return  beam  is 
then  scattered  by  the  point  in  the  scatterplate 
to  form  a second  set  of  diverging  bundles  of 
rays.  In  this  case,  the  centers  of  divergence  are 
located  on  the  surface  of  the  scatterplate. 
Thus,  two  spherical  bundles  of  rays  are 
formed,  and  interference  takes  place  between 
the  ti”o.  For  the  geometry  shown  and  for  a 
perfect  spherical  mirror  under  test,  the  fringe 
pattern  will  consist  of  a series  of  circular 
fringes  identical  to  a zone  plate.  Figure  2 
shows  an  example  of  a fringe  pattern  obtained 
when  measuring  a parabolic  mirror  without  a 
null  corrector. 

An  important  advantage  of  the  scatter- 
plate interferometer  is  that  there  are  no  extra 
optical  elements  within  the  interference  path 
other  than  the  mirror  being  tested  and  the 
scatterplate  itself.  In  addition,  the  data  are 
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SCATTERPLATE 


LENS 
FOCUSED 
ON  MIRROR 


ONE  RAY  FROM 
SOURCE 


FIRST  SCATTER 
POINT  SOURCE 


FIRST 

SCATTERED  BEAM 
- ONSCATTERED  RAY 


TWO  SPHERICAL  BUNDLES 
OF  RAYS  WITH  CENTERS 
OF  CURVATURE  SEPARATED 
BY  DISTANCE  25 


FOCUS  POINT  FOR  FIRST 
SCATTERED  BEAM 


C- MIRROR  CENTER 
OF  CURVATURE 

SECOND  SCATTER  POINT  SOURCE 
LOCATED  SYMMETRICALLY  OPPOSITE 
THE  FIRST  SCATTER  POINT 


FILM 


Figure  1.  Scatterplste  interferometer  optical  arrangement;  the  element  to  be  tested  is  heated  (off  fyure I to 

the  right. 


collected  in  one  short  exposure  of  the  film; 
hence,  drift  factors  are  not  significant  In  the 
application  at  Perkin-Elmer,  the  fringe  pattern 
is  fed  to  an  automatic  sC''*nninj  device,  which 
converts  the  fringe  data  into  a digital  format 
These  data  are  processed  by  computer  to  find 
the  exact  radius  and  position  of  the  best-fit 
reference  surface  for  comparison  with  the 
mirror  under  test  By  using  this  technique,  it 
was  possible  to  test  and  figure  the  Stratoscope 
mirror  to  an  accuracy  of  X/54  rms.  It  might 
be  of  interest  tu  note  tliat  the  same  mirror 
was  again  measured  by  the  scatterplate  tech- 
nique after  a 2-year  period,  during  which  it 
underwent  several  balloon  flif^ts,  and  was 
found  to  have  essentially  the  same  figure  as 
when  it  was  first  manufactured. 

The  active  optics  experiment  was  con- 
ducted with  a three-segment,  20-inch- 
diameter,  spherical  mirror.  The  minor  was 


made  by  first  manufacturing  a solid  20-inch- 
diameter  minor  and  then  cutting  it  into  three 
pieces.  Before  being  cut  into  segments,  the 
mirror  had  a figure  cnor  of  X/34  rms. 

After  the  minor  was  cut,  the  segments 
were  mounted  on  a flexible  support  assembly, 
^own  in  figure  3.  Each  segment  was  held  at 
its  center  of  gravity  by  a flexure-bearing 
universal  joint  The  universal  joint  was 
mounted  at  the  end  of  a cantilever  rod  that, 
in  turn,  was  held  by  two  flexure  blades.  Each 
segment  has  three  degrees  of  motion,  two  in 
tilt  and  one  axial.  The  figure  sensor  was 
located  at  the  center  of  curvature  of  the 
mirror.  Segment  alignment  errors  were 
measured  and  converted  into  control  signals 
for  actuators  that  were  usTd  to  position  the 
mirror.  Three  actuators  were  usH  for  each 
segment.  In  this  fashion,  closed  loop  control 
was  obtained  with  an  overall  figure  accuracy 


FIGURE-SENSING  TECHNIQUES 


299 


% 


K' 


c 


7 


V ‘ 

i 


% 

r 


y 


Figure  2 TypicJ  fringe  pattern  fmm  scatterplate 
interferometer;  this  pattern  was  obtained  when 
measuring  parabola  without  a null  correction; 
outer  zone  of  the  parabola  was  formed  on  the 
surface  and  at  the  center  of  the  scatterplate. 

actually  better  than  that  of  the  20-inch- 
diameter  mirror  before  it  was  cut  into 
segments. 

The  figure  sensor  arrangement  is  shown 
in  figure  4.  This  consists  of  a modifled 
Twyman-Green  interferometer  illuminated  by 
a laser  source.  The  input  beam  is  collimated  as 


Figure  3.  The  20-inch  segmented  mirror  asserrdffy. 


it  passes  through  the  beamsplitter.  The 
reference  beam  is  reflected  from  a flat  re- 
flector. The  test  beam  passes  through  a lens 
and  diverges  to  fill  completely  the  mirror 
under  test.  For  a sphe  cal  test  element,  the 
center  of  divergence  is  set  to  coincide  with 
the  center  of  curvature  of  t*'e  mirror.  Four 
typical  fringe  patterns  are  shown  at  the  top  of 
figure  4.  For  a perfect  spherical  mirror  under 
test  and  with  the  center  of  curvature  oi  the 
mirror  coinciding  with  the  center  of 
divergence,  the  fringe  pattern  will  have  equal 
intensity  over  the  whole  fringe  plane.  Tilt 
errors  will  produce  line  fringes.  Axial  align- 
ment errors  will  produce  circular  fringes. 
Localized  figure  errors  will  produce  a local- 
ized difference  in  the  fringe  intensity.  For  the 
active  control,  it  was  desired  to  extract  figure 
and  alignment  errors  on  a real-time  basis  and 
to  make  measurements  to  small  fractions  of  a 
fringe.  To  meet  this  need,  tht  concept  of  the 
phase-measuring  interferometer  was  de- 
veloped. 

The  phase-measuring  interferometer  is  a 
two-beam  interferometer  in  which  the  fringe 
pattern  is  analyzed  electronically  to  permit 
real-time  error  sensing.  Figure  S is  a schematic 
of  a simplified  version  with  coherent  illu- 
mination and  with  plane  reflecting  surfaces  in 
each  interference  beam  path.  If  both  re- 
flectors are  perfectly  plane  and  parallel  to  the 
wavefront,  interference  will  occur  between 


Figure  4.  Figure  sensor  optical  mrangement:  the  inters 
ferognms  (at  top)  show  typical  ftinge  patterns  for 
a nistiigned  mirror  under  test. 
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two  plane  parallel  wavefronts,  thus  producing 
a fringe  pattern  with  uniform  intensity  over 
its  entirety.  If  the  reference  reflector  is  trans- 
lated at  constant  velocity  along  the  opticJ 
axis  normal  to  the  wavefront,  then  the  fringe 
pattern  intensity  will  vary  through  maximum 
and  minimum  levels  in  a sinusoidal  fashion 
with  identical  phase  over  the  entire  pattern. 
Two  detectors  are  placed  in  the  fringe  plan®'- 
one  at  a position  arbitrarily  selected  as  a 
reference  and  one  at  a position  corresponding 
to  a spot  to  be  tested  on  the  test  surface. 
These  detectors  convert  the  cycling  fringe 
pattern  into  two  cycling  electronic  voltages, 
or  carriers,  ft  > small  portion  of  the  test 
surface  high  in  relation  to  the  rest  of  the 
surface,  there  will  be  a relative  phase  shilt  of 
the  electronic  sigm:!  generated  from  the 
corresponding  point  in  the  fringe  pattern. 
Phase  shifts  between  the  tw  > signals  are  then 
measured  by  an  electronic  phase  detector  to 
generate  a DC  voltage  proportional  to  phase 
and,  hence,  proportional  to  figure  error. 
Figure  6 shows  the  components  of  a phase- 
mea.suring  interferometer  set  up  in  a Perkin- 
Elme*’  lest  laboratory. 

The  principal  advantage  of  the  phase- 
measuring interferometer  is  that  data  may  be 
extracted  in  real-time  for  use  in  a control 


Figure  5.  Phiae-measuiing  interferometer  concept; 
small  photofivph  (upper  Irft)  show  typiad  elec- 
tronk  forms;  paph  (upper  rlpt}  s>tows  typical 
calibration  of  output  voitage  vers figure  error  in 
wavelengths. 


Figure  6.  Pha.i€-measuring  interferometer  components. 

system.  In  addition,  figure  errors  on  the  order 
of  X/100  may  be  measured  with  reliability. 
Figure  7 shows  an  example  of  the  output  data 
from  a phase-measuring  interferometf^r.  This 
is  actually  a raster  scan  and  shows  the  hori- 
zontal profile  of  a te.’t  flat.  Figure  8 shows 
the  result  of  a raster  scan  oi  the  segmented 
active  mirror  while  it  v'as  being  controlled. 
These  data  show  an  average  figure  error  of 
X/40.  Subsequent  improvements  were  made  in 
the  active  control  system  that  resulted  in  an 
overall  average  figure  erroi  of  X/60. 


Figure  7.  Output  data  fiom  phase-measuring  inter- 
ferometer; a set  of  horizontal  profiles  shoving  the 
figure  error  measured  with  a small  test  demenl; 
raster  scan  of  phase-measuring  interferometer  using 
reference  flat  in  measuring  arm. 
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Figure  S.  Measured  figure  error  profiles  for  active 
optics  demonstration;  prepared  from  an  average  of 
three  raster  scans  of  composite  mirror  while 
control  system  was  in  operation;  data  obtained 
from  scanning  spot  of  phase-measuring  inter- 
ferometer; figure  error  determined  by  integration 
of  profiles  is  1140  wavelength  average. 


Recent  work  on  advanced  figure-sensing 
techniques  has  dciived  a method  for  mea- 
suring aspheric  surfaces.  A concept  for  the 
application  of  the  phase-measuring  figure 
sensor  in  a large,  actively  controlled,  telescope 
system  is  shown  in  figure  9. 

In  conclusion,  laboratory  work  has 
demonstrated  that  figure-sensing  techniques 
have  been  developed  to  the  point  where  they 
can  now  be  applied  to  large,  actively  con- 
trolled, telescope  systems. 


Figure  9.  Active  optics  concept  utilizing  a 
phase-nKosuring  f^ure  sensor. 
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Actuators  for  Active  Optics 
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The  growing  field  of  active  optics  has 
stimulated  the  need  to  produce  minute 
deflections  in  various  portions  of  optical 
systems.  Actuators  must  operate  in  conjunc- 
tion with  precise  measuring  devices  that 
continuously  monitor  the  optical  surfaces. 
Because  the  mounting  is  also  associated  with 
deformations,  it  becomes  an  integral  part  of 
the  overall  control  system.  Such  systems 
feature  multiple  loop  servomechanisms 
operating  with  microinch  precision.  These 
actuators  may  be  an  integral  part  of  the  base 
isolation  system  or  may  operate  in  tandem 
with  it. 

At  the  Perkin-Elmer  Corporation,  we 
have  concentrated  on  two  basic  actuator 
systems:  one  produces  minute  deflections  and 
the  other,  minute  forces.  Depending  on  the 
mechanical  characteristics  of  the  optical 
surface  and  its  mounting,  the  overall  forward 
actuating  system  may  behave  as: 

1 . A displacement  system  where  inertial 
forces  are  predominant 

2.  A forcing  system  where  compliance 
(or  stiffness)  of  the  optical  structure  produces 
the  resistance  to  displacement 

3.  An  intermediate  system  where  stress 
and  strain  in  the  optical  structure  produce 
important  dynamic  effecis  tc  be  handled  by 
the  actuators. 

The  intermediate  system  is  more 
difficult  to  handle  analytically  but  much 
easier  to  realize  in  a practical  structure.  In  a 
practical  actuator,  one  must  also  consider  the 
total  stress-strain  and  inertial  force  relation- 
ship. Even  though  we  are  now  concentrating 
at  opposite  extremes  of  the  mechanical 
parametric  scale  for  synthetic  analytical 


reasons,  we  shall  eventually  choose  a hybrid 
actuator  for  functional  simplicity,  just  as 
electronic  engineers  have  compromised 
between  pure  voltage  and  current  sources  to 
achieve  simplicity  and  economy.  We  have 
already  been  forced  to  recognize  the  stiffness 
of  the  forcing  actuators  and  the  compliance 
of  the  displacement  actuators  as  important 
factors  in  system  design. 

Figure  1 shows  a typical  actuator  system 
mounted  on  a mirror  assembly.  The  three- 
element  segmented  mirror  is  displaced  by 
actuators  that  convert  li>rge  displacements  of 
an  integrating  lead  screw  into  small  displace- 
ments at  the  mirror  surface,  by  utilizing  a 
combination  of  soft  and  stiff  springs  in  the 
actuator  assembly.  The  mirrors  are  supported 
at  three  points;  thus,  they  are  not  bent  by 
actuator  displacements  or  forces. 


Figure  1.  Typical  actuator  system  mounted  on  a 
mirror  assembly. 
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Figure  2 is  an  exploded  view  of  the 
actuator.  The  servomotor  gear  box  at  the  left 
drives  the  lead  screw,  which  displaces  the  soft 
spring  against  the  stiff  springs,  producing  a 
^^t^ou|put  displacement  at  the  right  end 
of  ihe^ifcl^tOT./^. 


1.m4  V>v« 


Figure  2.  Exploded  view  of  a typical  actuator. 


A similar  forcing  type  of  actuator  is 
shown  in  figure  3.  in  this  case,  an  integrating 
drive  produces  a force  proportional  to  the  dis- 
placement of  a spring.  The  exploded  view  in 
figure  4 depicts  the  operations  of  the  actua- 
tor. Force  produced  by  the  spring  at  the  right 
is  transmitted  to  an  optical  structure  tlirough 
the  tiny  rod  at  the  end  of  the  actuator.  This 
actuator  configuration  is  used  in  flexible 
optical  systems  where  resistance  to  displace- 
ment is  provided  by  the  optical  structure 
itself. 


Figures.  Forcirus  type  of  actuator. 


Figure  4.  Exploded  view  of  a forcing  type  of 
actuator. 

An  actuator  better  qualified  as  a 
displacement  device  is  shown  in  figure  5.  In 
this  case,  stiffness  is  built  into  the  b&sic 
structure.  An  Invar  shaft  is  passed  through  a 
piezo-electric  cylinder  with  an  interference 
fit.  Relative  displacement  between  the  two  is 
controlled  by  electric  fields  between  con- 
ducting surfaces  on  the  outside  of  the 
cylinder  and  the  grounded  Invar  shaft.  Inter- 
ference may  be  controlled  by  a bias  voltage 
between  the  two.  Selective  voltage  pulses 
between  rings  distort  the  piezo-electric 
material  and  cause  either  the  cylinder  to  creep 
along  the  shaft  or  the  shaft  to  be  pushed 
through  the  cylinder  by  peristalsis. 


Figure  5.  Actuator  adtable  for  use  as  a displacement 
device. 
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The  present  version,  shown  in  figure  5, 
has  a supporting  ring  to  locate  the  cylinder.  A 
small  relief  is  situated  between  the  cylinder 
and  ring.  Because  of  the  relief,  it  behaves 
somewhat  like  a conventional  inchworm 
actuator.  On  the  other  hand,  the  integral  rela- 
tion between  the  cylinder  and  shaft  provides 
high  stiffness  and  wide  bandwidth.  It  has 
worked  successfully  up  to  10  kilocycles  and 
down  to  1 cycle  per  second.  With  further 
development,  either  of  these  ranges  might  be 
extended. 

Actuator  motion  is  obtained  by  passing  a 
train  of  voltage  pulses  from  left  to  ri^t  along 
the  cylinder,  resulting  in  a net  incremental 
advance  of  the  shaft  in  the  same  direction. 
Motion  of  the  center  support  ring  on  the 
piezo-electric  cylinder  is  shown  in  figure  6 by 
the  path  of  the  short  arrow  relative  to  the 
shaft.  Vertical  hatching  represents  an  axial 
compression  in  the  cylinder  elements; 
horizontal  hatching  indicates  tension. 


I 


Figure  6.  Schematic  of  actuator  motion. 


Compression  to  the  left  of  center  and  tension 
to  the  right  of  center  results  in  a reverse 
motion.  The  following  steps  are  schematically 
depicted  in  figure  6. 

1.  In  step  1,  the  first  pulse  reflects  a 
compiession  wave  to  the  center.  The  shaft 
backs  up  slightly  relative  to  the  central 
support  ring. 

2.  The  second  step  results  in  a greater 
backward  motion  because  the  friction  of  the 
first  and  second  rings  is  involved. 

3.  An  even  greater  motion  backward 
occurs  in  the  third,  fourth,  and  fifth  steps 
because  the  first  rings  provide  backup  to  the 
expanding  sections.  Notice  that  a tension 
wave  has  started  from  the  left  and  a com- 
pressive wave  has  progressed  beyond  the 
center. 

4.  The  first  real  effect  of  a compressive 
wave  to  the  right  of  the  center  happens  in  the 
sixth  step  when  the  first  and  largest  forward 
advance  of  the  shaft  occurs. 

5.  A second  smaller  forward  advance 
occurs  when  the  second  ring  to  the  right  of 
the  center  expands  and  compresses. 

6.  In  the  eighth,  ninth,  and  tenth  steps, 
the  tension  wave  crosses  the  center  and  causes 
further  backward  motions. 

7.  The  net  effect  of  a sequence  is  to 
leave  the  cylinder  slightly  in  tension  on  the 
shaft.  The  net  motion  is  forward. 

Evaluation  of  the  experimental  actuator 
requires  careful  measurement  of  displace- 
ments at  each  cycle  of  the  voltage  pulse  train. 
To  measure  displacement  of  a small  mirror  on 
the  end  of  the  actuator  shaft,  an  interferom- 
eter was  arranged  as  shown  in  figure  7.  An 
electromagnetic  probe  was  used  to  record  dis- 
placements for  a series  of  pulse  trains.  Results 
of  actuator  displacement  at  three  different 
pulse  voltage  amplitudes  are  shown  in 
figure  8.  The  linearity  of  the  displacement 
curves  demonstrates  the  consistency  of  the 
steps.  The  pulse  train  direction  was  reversed 
at  the  middle  of  each  curve. 

Certain  conclusions  have  been  derived 
from  the  work  accomplished  thus  far.  The 
first  and  most  important  conclusion  is  that 
the  experimental  actuator  design  is  sound. 
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Speculations  regard'ng  friction  and  load 
effects,  surface  finish,  compatibility  of 
materials,  ana  thermal  effects  have  been 
resolved  by  testing.  The  actuator  design  is 
simple  and  manufacturable.  The  structure  is 
rigid  and  rugged.  The  assembly  can  be 
handled  and  used  without  contamination  or 
breakage. 


(aj  / millionth  inch /step. 


Figure  7.  Interferometer  arrangement  to  monitor 
displacement. 


(b)  2 millionth  inch/ step. 
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Shop  Supports  for  the  1 50-Inch 
Kitt  Peak  and  Cerro  Tololo  Primary  Mirrors 

Norman  Cole  t 
Kitt  Peak  National  Observatory 


We  traditionally  have  reserved  final 
evaluation  of  optical  components  until  they 
have  been  installed  in  their  cells  and  the  entire 
instrument  has  been  tested  as  a unit.  This  is 
reasonably  practical  in  the  case  of  small  optics 
because  removal  and  refiguring,  should  they 
prove  advisable,  are  easy  and  quick.  As  the 
optical  elements  increase  in  size,  however,  the 
difficulties  and  risks  of  handling  also  increase. 
In  the  case  of  large  mirrors  to  be  installed  in 
remote  areas  or  in  space,  the  expense  and 
time  lost  in  returning  the  mirrors  to  the 
optical  shop  for  retouching  are  prohibitive. 
These  factors  are  now  widely  recognized,  and 
various  plans  have  been  devised  to  insure  that 
the  mirror  figure  seen  in  the  telescope  will  be 
the  same  as  that  seen  in  the  optical  shop. 

It  is  rather  obviously  desirable  to  carry 
out  the  shop  tests  on  the  same  supports  that 
carry  the  mirror  in  the  telescope,  but,  sur- 
prisingly, this  has  seldom  been  carried  out. 
This  is  partly  due  to  physical  limitations,  such 
as  the  lack  of  vertical  test  towers,  in  the 
optical  shop;  but,  more  important,  most 
support  systems  for  telescope  mirrors  are  not 
robust  enough  to  withstand  the  additional 
load  introduced  by  the  polishing  action  of  the 
large  tools  necessary  to  genei:ate  a figure  of 
revolution. 

Because  the  supports  adopted  for  the 
primary  mirrors  of  the  1 SO-inch  telescopes  for 
Kitt  Peak  and  Cerro  Tololo  (ref.  1)  do  lend 
themselves  to  use  in  the  optical  shop,  we  have 
been  able  to  pay  proper  attention  to  the 
careful  support  of  the  blanks  during  figuring 
and  testing. 

Figure  1 shows  the  upper  surface  of  the 
grinding  table  fitted  with  the  arrays  of  air 
pads,  cushion  blocks,  and  air  bearinp  upon 


which  the  first  of  the  two  big  mirrors  is  now 
being  worked.  In  figure  2,  one  of  the  pad 
pistons  has  been  removed  to  show  the  roll 
diaphragm,  which  is  the  heart  of  this  type  of 
support. 


Figure  I.  Upper  surface  of  grinding  table. 
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The  two  rings  of  circular  air  pressure 
pads  are  identical  to  those  which  will  be  used 
in  the  telescope  assembly.  It  is  upon  these 
pads  that  the  mirror  rests  while  being 
optically  tested  from  the  top  of  the  vertical 
tolvd'  ^g '!)» .Three  oMhe  24  pads  in  the 
outer  nng‘W*defla(^Aatfa  thin  spacer  is 
inserted  between  the  paa  piiton  and  the  back 
of  the  mirror.  These  three  pads  become  hard 
defining  points,  but  they  carry  an  equal  share 


Figure  3.  ISO-inch  optical-shop  mirror-testing 
diagram. 


of  the  load  with  the  remaining  inflated  air 
pads,  just  as  will  be  the  case  in  the  telescope. 
The  two  rings  of  supports  carry  slightly  dif- 
ferent pressures,  and  appropriate  floating 
weights  maintain  the  proper  pressure  on  each. 
Both  arrays  operate  at  less  than  8 pounds  per 
square  inch. 

The  mirror  cannot  be  polished  with  the 
support  configuration  as  it  will  be  in  the  tele- 
scope because,  the  moment  a polishing  tool  is 
applied,  its  weight  is  transmitted  onto  the 
three  defining  points,  thus  warping  the 
mirror.  Accordingly,  before  the  polishing,  the 
spacers  on  the  defining  pads  are  removed;  the 
pads  are  reconnected  to  the  manifold  of  the 
outer  ring;  and  the  mirror  becomes  fully 
floating.  Polishing-tool  weight  presses  the 
mirror  downward  slightly  until  its  back 
contacts  36  cushion  blocks.  These  rectangular 
rubber  blocks  (fig,  2)  serve  to  carry  only  the 
additional  load  imposed  by  the  polishing  tool. 
Mirror  weight  is  still  carried  by  the  air 
supports. 

Great  care  is  exercised  to  see  that  the 
rubber  blocks  exert  equal  force  on  the  back 
of  the  mirror  under  tool  loading.  The  rear 
face  of  the  mirror  and  the  upper  face  of  the 
grinding  table  are  lapped  to  match,  and  the 
rubber  blocks  are  ground  to  equal  height.  In 
addition,  the  rear  face  of  the  mirror  is 
polished  and  tested  opticaUy  to  assure 
symmetry.  Even  so,  as  added  insurance,  the 
mirror  is  shifted  on  its  supports  at  regular 
intervals  to  distribute  any  discrepancies  in 
support  symmetrically  around  the  blank.  For 
this  purpose,  the  minor  is  raised  slightly 
above  the  support  pads  on  three  oval  air 
bearings  (fig.  1).  Air  at  100  pounds  per  square 
inch  is  fed  through  small  holes  in  the  flat 
surfaces  of  the  air  bearings,  and  the  mirror 
can  be  easily  rotated  by  hand  while  thus 
supported  on  a thin  film  of  moving  air. 
iXiiing  the  polishing  and  testing,  the  air 
bearings  are  in  a retracted  position  and  do  not 
touch  the  glass. 

The  whole  system  operates  quickly  and 
conveniently.  The  mirror  can  be  rotated  and 
recentered  in  10  minutes;  it  can  be  readied  for 
test  in  less  time  than  it  takes  to  reach  the  top 
of  the  test  tower. 
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\ The  mirror  figure  will  be  thoroughly 

-V.  tested  in  the  spherical  stage  before  any 
- aspherizing  is  started.  Mainstays  of  the  optical 
tests  will  be  a longitudinal  wire  test,  an 
'4'  unequal-path  laser  interferometer,  and  a null 
lens.  We  feel  that  it  is  essenti^  to  assure 
r ourselves  that  we  have  a true  figure  of  revolu- 
tion  before  beginning  the  long  process  of 
aspherizing  with  small  tools.  Tools  having  less 
P than  a 36-inch  diameter  will  have  little,  if  any, 
success  in  removing  astigmatism  if  any  exists 
at  the  outset. 

k The  mirror  is  still  approaching  the 

S spherical  stage.  It  is  too  early  to  predict 
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complete  success  for  the  support  system; 
however,  preliminary  tests  justify  optimism. 

Summary 

The  air-pad-support  system,  devised  for 
the  Kitt  Peak  and  Cerro  Tololo  150-inch 
mirrors,  lends  itself  to  use  in  the  optical  shop. 
The  system  permits  polishing  with  a 
9000-pound  tool,  and  yet,  without  removal 
from  the  polishing  machine,  the  mirror  can  be 
tested  on  the  same  support  system  that  it  will 
have  in  the  telescope.  Testing  is  carried  out  at 
the  top  of  a 70-foot  tower  where  a turret 
mirror  can  select  any  of  several  test  devices. 


scope.  Engineering  Dept.  Tech.  Report  No.  S, 
Kitt  Peak  National  Observatory,  1969. 
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Holographic  Method  of  Monitoring  the  Performance 
of  a Large  Telescope  Mirror 

« K*7  0 ^ 

Kent  E.  Erickson  ’ | Jl  I ^ 
Keuffel  & Esser  Co.  ' * * 


Introduction 

No  method  of  monitoring  the  perfor- 
mance of  a large,  two-element  orbiting  tele- 
scope that  does  not  use  starlight  is  completely 
direct.  The  aim  of  the  approach  presented  in 
this  paper  is  to  be  direct  to  the  extent  that 
the  monitor  should  exhibit  the  net  effect,  at 
the  focal  plane,  of  errors  in  figure,  tilt,  and 
focus  of  the  primary  mirror. 

Principle 

To  be  as  direct  as  possible,  the  monitor- 
ing light  should  traverse  the  optical  system  as 
nearly  as  possible  in  the  same  way  as  starlight 
does.  (See  fig.  1 .)  There  is  no  ob/ection  to  the 
monitoring  light  traversing  the  system  in  the 
reverse  direction  except  the  practical  one, 
tliat  the  light  then  proceeds  toward  the  stars 
and  is  lost. 

To  avert  complete  loss  of  light,  one  may 
imprint  on  the  primary  mirror  a very  faint 
holo^m  produced  by  an  ''object  wave” 
coming  from  infinity  and  a ''reference  wave” 
diverging  from  the  focal  plane.  When  illumi- 
nated by  the  "reference  wave”  coming  from 
the  focal  plane,  the  hologram  regenerates  the 
"object  wave.”  The  telescope  then  returns 
this  wave  to  the  focal  plane.  After  this  round 
trip  through  the  telescope,  the  wave  may  be 
monitored  interferometrically. 

Fortunately,  the  accuracy  of  this 
method  does  not  depend  upon  the  accuracy 
with  which  the  hologram  can  be  generated.  If 
the  hologram  is  not  perfect,  the  wave  shape 
that  corresponds  to  perfect  performance  of 
the  primary  mirror  can  be  calibrated.  The  de- 
sired interference  pattern  may  then  be  syn- 
thesized and  used  as  a reference. 


Calibration  of  the  System 

Calibration  is  done  by  making  simulta- 
neous interferogiams  of  the  shape  of  the  pri- 
mary mirror  and  the  shape  of  the  wave 
diffracted  by  the  hologram.  The  figure  of  the 
primary  mirror  need  not  be  perfect  during 
calibration;  the  effect  of  deformation  can  be 
removed  analytically  in  synthesizing  the  de- 
sired pattern. 

The  calibration  setup  is  shown  in 
figure  2.  The  tilt  of  the  primary  mirror  must 
be  controlled  during  calibration  so  that  its 
axis  is  perpendicular  to  the  surface  of  the 
secondary  mirror.  This  condition  may  be 
monitored  interferometrically  by  placing  a 
laser  source  at  a point,  P,  (fig.  2)  on  the  axis 
of  the  hologram  near  its  focal  plane.  When 
proper  alignment  is  achieved,  the  wave  will 
return  upon  itself  with  radial  symmetry.  This 
test  presupposes  that  the  axis  of  the  hologram 
is  effectively  coincident  with  the  axis  of  the 
primary  mirror.  If  the  primary  mirror  is 
nearly  spherical,  its  axis  is  not  sharply  de- 
fined; and  the  degree  of  coincidence  is  not 

critical.  . .... 

It  does  not  appear  practical  to  adjust  the 

focus  precisely  during  calibration.  The  final 
adjustment  must  be  done  in  orbit  by  shifting 
the  focal  plane  to  optimize  the  shi^ness  of 
stellar  images. 

The  figure  and  tilt  of  the  secondary  mir- 
ror are  not  monitored  by  this  system.  They 
could  be  monitored  by  means  of  a hologram 
on  the  secondary  mirror  similar  to  that  on  the 
primary  mirror,  but  the  greater  rigidity  of  the 
surface  and  the  looser  tolerance  to  tilt 
scarcely  warrant  it. 

During  calibration  (as  well  as  in  orbit), 
the  tilt  of  the  secondary  mirror  must  be  con- 
trolled so  that  its  axis  intersects  the  primary 
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F^ure  I.  Schematic  of  telescope  monit  oring  and  control 


mirror  at  its  axial  point.  This  is  not  a particu- 
larly severe  requirement.  For  diffraction- 
limited  performance,  vhe  tolerance  is  of  the 
order  of  several  arc  se'x>nds  (ref.  1 ). 

Radial  distortion  of  the  hologram  will 
affect  the  calibratioii.  Gravitational  distortion 
is  minor  and  can  te  allowed  for  analytically. 
If  the  mirror  blanl;  is  made  of  low  expansion 
material  (a^lC’/^C),  thermal  distortion  is 
scarcely  significaAt  until  thermal  gradients  ex- 
ceed lO'^C/mettr.  Adjustment  of  the  focus  is 
not  required  until  temperature  changes  ap- 
proach UfC.  If  the  mirror  is  segmented,  how- 
ever, radial  constraint  of  the  segments  is 
required  to  tolerances  of  the  order  of 
1 micron. 

Structure  of  the  Hologram  and  Its  Effect  on 
Stellar  Images 

The  hologram  consists  of  circular  zones. 
Phase  zones  are  easier  to  make  and  are  opti- 
cally more  efficient  than  absorbing  zones.  The 


pattern  will  thus  be  in  low  relief  with  a uni- 
formly reflective  overcoat  over  the  entire 
surface. 

The  minimum  spatial  period  of  the  zones 
is  given  by  a*4Xf.  For  an  f»4  mirror, 
o * 10^'  if  X 0.6328m- 

Any  r r^ctical  method  of  generating  the 
zones  wilt  probably  give  them  a square  rather 
than  a sinusoidal  profile.  The  step  height  of 
the  raised  zones  must  be  large  enougli  to  dif- 
fract sufficient  light  into  the  first  order  for 
monitc/ing  purposes  but  not  so  large  as  to 
diffract  away  an  unacceptably  large  amount 
of  stariight.  For  a small  step  height,  t,  the 
diffraction  efficiency,  e,  is  given  by: 

e,  * (first  order  only) 


(all  orders  combined) 
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Figure  2.  Calibration  setup. 


For  helium-neon  (He  Ne)  light 
(X  * 0.632%/i),  a diffraction  efflciency  of 
6i  - 0.1%  should  sufHce.  This  requires  a step 
height  of  t-SOA.  For  starlight  at  \-0.2p, 
the  diffraction  efficiency  would  then  be 
e » 2.5%;  and  at  X = 0.1m»  it  would  be 
e 10%.  For  still  shorter  wavelengths,  slightly 
alisorbing  zones  would  be  more  efficient  than 
phase  zones. 

Nearly  all  the  starlight  diffracted  by  the 
hologram  will  miss  the  secondary  mirror,  and 
that  which  reaches  the  focal  plane  wHl  be  out 
of  focus.  Scattered  light  from  the  monitoring 
beam  is  likely  to  be  the  more  serious  problem. 

Generation  of  the  Hologram 

There  are  two  radically  different  ap- 
proaches to  generating  the  zones  of  the  holo- 
gram: by  a rotary  process  and  by  holography. 

Rotary  Process 

In  theory  the  zones  could  be  cut  one  by 
one  with  a focused  laser  beam.  (See  fig  3.) 
The  beam  mi^t  expose  a photoresist,  or  it 
might  remove  (by  evaporation)  some  overcoat 
of  absorbing  material.  The  radial  tolerance 
could  be  met  with  a fringe  counter  whose 
reference  beam  was  reflected  from  a polished 
sphere  mounted  directly  to  the  nurror  so  as  to 
remove  errors  from  instability  in  the  axis  of 
rotation. 

In  practice,  however,  the  process  would 
be  exceedUi^y  long  and  tedious  because  of 
the  foUow<ng  factors: 


1.  The  immense  total  length  of  the 
zones  (of  the  order  of  1000  kilometers) 

2.  The  gradual  variation  required  Ln 
the  width  of  the  zones 

3.  The  awkwardne-js  of  measuring 
along  a curved  surface 

4.  The  high  precision  required  in  the 
focus  as  well  as  in  the  radial  control. 

Factors  1 and  2 could  be  alleviated  by 
using  a long  template,  positioned  radially  and 
illuminated  either  by  a laser  beam  or  by  an 
arc  lamp.  The  surface  could  be  coated  with  a 
photoresist,  and  several  zones  could  be  gener- 
ated for  each  rotation  of  the  mirror.  If  the 
reduction  ratio  were  large,  tro  zones  in  the 
template  would  be  fairly  coarse. 

Holographic  Process 

Ideally,  the  hologram  should  have  a zone 
pattern  identical  to  the  interference  pattern 
between  two  coherent  waves:  a plane  wave 
approaching  along  the  axis  of  the  minor  and  a 
spherical  wave  dhre^ing  from  the  focus  of  the 
mirror.  Both  waves  should  have  the  same 
wavelength,  Xq,  as  the  light  used  for  monitor- 
ing Figure  4 is  a schematic  of  a zone  plate 
generator. 

To  avoid  having  to  generate  a truly  plane 
wave  over  so  large  an  aperture,  it  is  necessary 
to  modify  the  geometry.  Fortunately,  the 
pattern  alters  v«y  little  if  both  waves  diverge 
from  two  points,  P and  Q,  a finite  distance 
away,  provided  the  wavelength  of  the  light  is 
reduced  accordingly.  In  practice,  one  must 
use  sn  available  wavelength,  X,  and  select 
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Figure  3.  Precision  zone  place  cutter. 

points  P and  Q accordingly.  If  one  chooses 
Xo=  0.6328^  and  X = 0.4480/i,  then  points  P 
and  Q lie  at  distances  of  5.1  and  1.03  focal 
lengths  from  the  mirror. 

Photographic  materials  and  laser  sources 
are  approaching  the  point  where  an  area  of 
10  square  meters 'can  be  exposed  in  one  sec- 
ond with  a resolution  of  1000  lines  per  milli- 
meter. The  author  does  not  know  what 
prospects  there  are  of  such  materials  being 
coated  with  adequate  uniformity  on  a large 
curved  suriace  or  being  used  in  a washoff  pro- 
cess that  would  permit  etching  (or  vacuum 
coating)  through  the  exposed  zones. 


powerful  lasers  and  more  sensitive  processes 
(photographic,  xerographic,  or  photoetching) 
will  greatly  reduce  the  exposure  times  re- 
quired; otherwise,  the  entire  holographic  set- 
up must  be  mounted  inside  a vacuum 
chamber  on  a seismic  block. 

Variant  Systems 

Certain  “far  out”  variants  of  this  holo- 
graphic approach  to  monitoring  could  be  con- 
sidered. One,  for  example,  is  to  station  an 
image  tube  at  approximately  300  meters  from 
the  telescope  and  to  use  a weak  hologram  on 
the  primary  mirror  to  focus  the  monitoring 
wave  (originating  at  the  focal  plane)  to  a 
point  approximately  15  meters  beyond  the 
image  tube.  A second  wave,  cohe  "t  with  the 
first,  could  be  sent  directly  (e.g.,  /ia  a nole  in 
the  secondary)  so  as  to  ir«terfere  with  the  first 
wave  across  the  aperture  of  the  image  tube.  A 
circular  pattern  (containing  some  300  fringes) 
would  be  formed.  This  pattern,  when  com- 
pared with  the  ideal  pattern,  would  reveal  the 
general  features  of  the  aberrations  in  the  tele- 
scope. The  finer  details  would  be  lost  by  dif- 
fraction. 

Such  an  arrangement  would  have  the 
virtue  of  checking  out  the  performance  of  the 
entire  telescope.  Furthermore,  the  zones  of 
the  hologram  would  be  coarse  enough  to  be 
easily  generated. 


Figure  4.  Schematic  of  zone  plate  generator. 


In  any  case,  the  obstacles  are  severe.  The 
scale  of  the  holographic  setup  is  enormous; 
i.e.,  from  100  to  300  meters,  unless  folded.  It 
is  to  be  hoped  that,  within  a few  years,  more 
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Introduction 

The  resolving  power  of  an  earthbound 
telescope  is  primarily  limited  by  fluctuations 
in  the  earth’s  atmosphere.  An  orbiting  tele- 
scope, on  the  other  hand,  is  not  subject  to 
limitations  imposed  by  an  unsteady  atmo- 
spheric environment;  therefore,  it  is  possible 
to  envision  a large  instrument  that  is 
diffraction-limited  over  a major  part  of  its 
useful  spectrum  of  observation.  The  full  real- 
ization of  the  maximum  resolving  power  re- 
quires the  accurate  maintenance  of  the  shape 
or  figure  of  the  primary  mirror.  Although  it 
would  be  possible  to  polish  a large  mirror  to 
the  required  accuracy,  stresses  introduced  by 
thermal  variations  in  the  mirror  and  fluctua- 
tions in  support  structure  loads  can  create  sur 
face  perturbations  that  exceed  the  surface 
accuracy  limits  required  for  diffraction- 
limited  performance. 

Thermoelastic  deformation  magnitude  is 
conventionally  controlled  by  careful  mirror 
and  mirror-support-structure  design  and 
thermal  environment  control.  An  alternative 
approach  utilizes  an  active  system  to  maintain 
the  correct  mirror  surface  figure.  An  active 
surface  control  system  is  illustrated  in 
figure  1.  The  mirror  surface  figure  is  com- 
pared to  a desired  reference  surface  by  the 
figure  sensor.  Error  data  is  then  fed  to  a 
figure-control-system  computer  that  generates 
a set  of  surface  actuator  commands,  which  are 

*A  rigorous  study  of  thennal  efiects  necessitates  the 
derivation  of  the  partial  differential  “heat”  equa- 
tions for  the  mirror  and  iniror  support  structure. 


transmitted  to  the  actuator  array.  A correct 
choice  of  control  algorithm  ensures  that  the 
surface  error  is  reduced  by  the  actuator 
commands. 

Control  of  Distributed  Parameter  Systems 

The  most  general  view  of  the  mirror 
figure-regulation  problem  is  afforded  by 
studying  the  behavior  of  the  partial  differ- 
ential equation  that  describes  the  mirror 
subject  to  distributed  and  point  boundary 
conditions.  The  mirror  support  structure  may 
impose  distributed  or  point  boundary  condi- 
tions depending  upon  the  design  configura- 
tion of  the  structure.  The  effects  of  stresses 
created  by  the  temperature  distribution  in  the 
mirror  and  its  support  structure  may  be 
treated  as  distributed  disturbances*  acting  on 
the  system.  The  reflecting  surface  actuators 


Figure  1.  Prirnay-mmor  figure  control  gystem. 
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3pny^o|lls*'v% v^eflectiq^  an  <array  of 

poihw  on  ml  uea7  me  primary 

mirror;  these  may  be  treated  as  boundary  con- 
ditions. 

The  actual  shape  of  the  mirror  surface  is 
conveniently  described  in  a three-dimensional 
set  of  polar  coordinates.  The  x-axis  corre- 
sponds to  the  optical  axis  of  the  system. 
Positions  in  planes  orthogonal  to  the  x-axis 
are  described  by  specifying  radius  from  the 
optical  axis,  r,  and  an  angle,  0,  relative  to  a 
reference  plane  that  contains  the  optical  axis. 
In  this  coordinate  system,  the  surface  of  the 
mirror  is  described  by  a function  of  the  form 

X = X(r,0)  (1) 

The  surface  coordinates,  x,  are  a complex 
function  of  time,  actuator  forces,  thermal 
disturbances,  and  support  boundary  condi- 
tions. 

The  desired  mirror  figure  may  also  be 
defined  by  a function  of  the  polar  coordinates 
T,e 

s = S(r,0)  (2) 

The  error,  e,  between  the  desired  surface  and 
the  actual  surface  at  any  coordinate  (r,0)  may 
then  be  determined  by  measuring  the  differ- 
ence between  equations  1 and  2. 

e - E(r,0)  » S(r,0)  - X(r,0)  (3) 

The  object  of  the  control  system  is  to  mini- 
mize some  function  of  e,  such  as  the  integral 
square  error. 

2ir  rjp 

E*(r,0)  drd0  (4) 

0 0 

where  rj^  is  the  radius  of  the  mirror. 

Control  of  systems  described  by  partial 
differential  equations  has  only  recently  re- 
ceived serious  attention  from  control 
theorists.  The  earliest  theoretical  work  to 
appear  in  control  journals  was  carried  out  in 


the  U.S..S.R.  by  Butkovskii  (refs.  1-5).  More 
recent  work  has  been  carried  out  by  a number 
of  Russian  and  American  investigators.  An 
excellent  review  of  the  control  literature  and 
the  theory  of  optimal  control  of  distributed 
parameter  systems  may  be  found  in 
Erzberger’s  thesis  (ref.  6). 

The  control  of  a distributed  parameter 
system  is  complicated  by  the  infinite  dimen- 
sionality of  the  controlled  variable;  i.e.,  all  the 
points  in  a surface.  As  a result,  practical  con- 
trol of  distributed  systems  has  always  necessi- 
tated replacing  the  distributed  system  by  a 
lumped  model.  The  model  is  normally 
linearized  about  some  nominal  set  of  surface 
figure,  support,  and  actuator  load  conditions 
and  is  characterized  by  a set  of  ordinary  dif- 
ferential equations 

Mi8x  = MjSx  + MaSm  (5) 

where  Mj , Mj,  and  Mj  are  n x n matrices.  5x 
and  8x  are  n-vectors  that  represent  the  deriv- 
ative and  the  value  of  the  surface  perturba- 
tions in  X at  n discrete  locations.  The 
n-vector,6m,  is  an  array  of  perturbations  in  the 
surface  actuator  outputs.  If  the  required 
changes  in  the  controlled  variable,  x,  are 
slowly  varying,  compared  with  the  dynamics 
of  the  system  of  differential  equations,  it  may 
be  possible  to  neglect  8i  and  to  investigate  the 
control  of  the  algebraic  set  of  equations 

0 = M28X  + M3  8m  (6) 

This  appears  to  be  a reasonable  assumption  in 
the  case  of  the  mirror  figure-control  system 
because  the  disturbances  introduced  by 
thermal  effects  propagate  comparatively 
slowly  through  the  mirror  and  its  support 
structure.  Control  of  a dynamic  system  sub- 
ject to  constraints  of  equations  S or  6 may  be 
handled  by  conventional  control  theory. 

Mirror  Figure  Control  Algoiitlims 

The  design  of  a mirror  figure  control 
system  for  a large  telescope  presents  the  con- 
trol engineer  with  a number  of  rnique  and 
challenging  problems.  Among  them  are: 


FIGURE  CONTROL  OF  ACTIVE  PRIMARY  MIRRORS 


1 . An  accuracy  criterion  that  demands 
a root-mean-square  surface  error  measured  in 
microns 

2 . A large  dimension,  multivariable, 
control  problem  imposed  by  the  size  of  the 
actuator  array.  (This  is  particularly  true  in  the 
case  of  a continuous  minor  where  figure 
modification  must  be  achieved  by  elastic 
deformation.) 

Additional  problems,  of  a more  conventional 
nature,  are  introduced  as  a result  of  non- 
linearities,  noise,  and  scale  factor  errors  in  the 
surface  actuators  and  figure  sensor. 

Let  us  assume  that  the  mirror  surface  de- 
flection parallel  to  the  optical  axis  is  moni- 
tored at  the  n locations  of  the  actuators.  The 
n deflection  measurements  may  be  repre- 
sented by  an  n dimension  vector,  5x.  The 
corresponding  actuator  force  or  deflection  in- 
crements are  elements  of  a vector  6m.  If  we 
assume  that  the  mirror  material  is  isotropic 
and  that  equation  6 is  valid,  the  relationship 
between  6x  and  6m  may  be  written: 

6x  = A6m  (7) 

where  A is  an  x n matrix  and  the  elements  of 
A are  defined 

limit  6x; 

Suppose  that  the  measured  error  between  the 
desired  and  actual  surface  figures  is  a vector  e. 
The  error  is  reduced  to  zero  if  6x  is-e 

6x  = -e  = A6m  (9) 


6m  * -A"‘e  (10) 

Thus  a control  6m  may  be  found,  providing 
the  inverse  A"’  of  the  matrix  A exists. 

If  the  actuators  are  of  the  deflection 
type  (ref.  7),  operation  of  an  actuator 

*The  thin  mirror  described  in  reference  8 utilizes  61 
actuators;  hence,  it  is  necessary  to  invert  a 61  x 61 
matrix  in  order  to  solve  the  control  problem. 


produces  measured  deflections  that  are  con- 
fined to  the  actuator  location.  As  a result,  the 
matrix  A is  diagonal,  and  the  elements  of  A 
have  the  form 


where  ky  is  a scale  factor  associated  with  the 
ith  actuator.  The  elements  of  A"‘  have  the 


Equation  4 may  then  be  written 

6mj  = -byej  i = l,n  (13) 

Thus,  surface  control  may  be  achieved  by 
using  a trivial  feedback  control  law.  Unfor- 
tunately, it  is  very  difficult  to  achieve  the 
support  rigidity  required  for  pure  deflection 
actuation.  Additional  problems  arise  as  a 
result  of  the  precision  manufacturing  toler- 
ances required  for  constructing  such  actu- 
ators. 

Surface  modification  may  also  be 
achieved  by  applying  loads  to  an  array  of  dis- 
crete points  distributed  over  the  rear  surface 
of  the  primary  mirror.  Load  actuators  pro- 
duce deflections  at  adjoining  measurement 
points,  as  shown  in  reference  8.*  As  a result, 
the  matrix  A is  no  longer  diagonal,  and  the 
control  in  equation  10  must  be  constructed  in 
the  form 


6mi  = - £ byej 

i=i 


i = l,n  (14) 


where  b^  is  an  element  of  the  inverse  A"‘. 

Because  the  dimension  of  A is  large,*  it  is  no 
small  task  to  obtain  the  inverse.  A"* , of  A in 
terms  of  computation  time  and  memory  re- 
quirements. Additional  problems  arise  as  a re- 
sult of  errors  in  the  definition  of  A,  which  can 
propagate  to  large  values  in  A'* . Subsequent 
variations  in  A (due  to  actuator  failure,  for 
example)  require  laborious  recomputation. 
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Thus,  while  the  load  type  of  actuators  offer 
advantages  in  simplicity  and  cost,  a significant 
increase  in  control  algorithm  complexity  is 
incurred  if  a straightforward  approach  to  the 
solution  is  followed. 

An  alternative  approach  to  the  control 
problem  utilizes  the  theory  of  optimal  con- 
trol. Optimal  control  requires  the  definition 
of  a performance  index  that  reflects  the  goal 
of  the  control  process.  Mathematical  optimi- 
zation techniques  may  then  be  applied  to 
generate  a control  or  sequence  of  controls 
that  optimize  the  performance  index.  An 
optimal  control  problem  may  be  formulated 
in  the  following  way. 

Find  a control  vector  Sm^p^  that  mini- 
mizes the  performance  index* 

J = ej*  = e'e  (15) 

i=l 

subject  to  the  constraints 


The  variation  in  the  performance  index 
(eq.  1 5)  may  be  written 

8J  = (e  + 8e)'  (e  + 6e)  - e'e 

where 


dJ 

dm 


2A'e 


(18) 


A' A 


(19) 


The  first  variation  is  identified  as  5m.  If 

8m  is  sufficiently  small,  the  first  variation  will 
dominate  and  6J  may  be  written 


5J 


(20) 


8x  = A6m 


(jg)  Suppose  that  tiie  control  increment,  6m,  is 
selected  so  that 


This  problem  appears  commonly  in  the 
field  of  econometrics,  where  a number  of 
solution  techniques  have  been  developed. 
Among  the  most  important  techniques  are 
quadratic  programming  (ref.  9)  and  Bellman’s 
dynamic  programming  (ref  10).  Because 
these  methods  generally  require  a large  com- 
putational ability,  they  are  not  usually 
suitable  for  on-line  control. 

Another  class  of  optimization  techniques 
that  have  been  successfiilly  applied  to  a wide 
range  of  control  problems  is  based  upon  the 
Calculus  of  Variations.  A large  number  of 
systematic  iterative  optimizations  by  param- 
eter variation  methods  have  been  developed. 
Perhaps  the  simplest  is  the  gradient  method  or 
the  method  of  steepest  descent  (ref  1 1 ).  The 
gradient  method  bases  control  strategy  on  the 
first  variation  of  the  performance  index,  J. 


*e'  is  the  transpose  of  the  vector  e.  The  performance 
index  is  a discrete  representation  of  the  integral 
squared  error  functional  in  equation  4. 


8m  = 


(21) 


where  e is  a positive  number.  If  e is  suffi- 
ciently small,  equation  20  is  valid  and  the 
variation,  8J,  may  be  written 

. 3J* 

3m  (22) 

Since  the  right-hand  side  of  equation  22  is 
negative  definite,  it  is  apparent  that  the  con- 
trol increment  (eq.  21)  results  in  a reduction 
in  the  figure  error  index. 

The  properties  of  the  first  variation  form 
the  basis  for  an  algorithm  (shown  in  fig.  2) 
that  systematically  evaluates  the  optimal  con- 
trol. The  iterative  loop  is  initiated  by  the  eval- 
uation of  using  a mathematic  model  of 

the  system  or  the  actual  system  (in  an  analog 
computer  fashion).  The  control  m is  then  in- 
cremented by  8m  in  equation  21.  The  perfo^ 
mance  index  with  the  new  control,  m + 8m,  is 
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Figure  2.  First  variation  algorithm. 


evaluated  and  compared  to  its  stored  value.  If 
6J  is  negative,  the  value  of  J has  improved; 
the  new  control  is  retained;  and  the  value  of  J 
stored.  A positive  5J,  on  the  other  hand,  in- 
dicates that  too  large  a control  step  has  been 
taken  and  equation  20  has  not  been  satisfied. 
Ihe  value  of  e must  be  decreased,  and  the 
control  restored  to  its  original  value.  This 
process  may  be  repeated  in  a continuous 
fashion  or  terminated  when  the  value  of  J has 
been  reduced  below  a suitable  threshold.  If 
the  minimum  is  unique,  the  sequence  of  con- 
trols always  converges  to  the  optimum  solu- 
tion. 

Although  first  variation  algorithms  are 
simple  in  structure  and  place  modest  demands 
on  computer  size,  they  are  characterized  by 
slow  convergence  rates.  Convergence  rates 
may  be  improved  by  using  more  sophisticated 
methods  to  evaluate  e. 

A common  procedure  for  increasing  the 
convergence  rate  is  the  consideration  of 
higher  order  variations  in  the  performance 
index  in  algorithm  synthesis.  Suppose  that  the 

second  variation,  5m' 5m,  in  equation 
6m* 

17  is  considered  and  the  variation,  5J,  is  re- 
quired to  vanish  (thus  satisfying  the  first 
necessary  condition  of  the  Calculus  of  Varia- 
tions; ref.  1 2).  Then 

2A'  (e  + A5m)  = 0 (23) 


or 

5m  = -A“*e  (24) 

Since  equation  24  is  identical  to  equation  10, 
it  is  apparent  that  convergence  to  the  optimal 
solution  is  achieved  in  one  step.  This  property 
is  characteristic  of  the  linear  optimal  control 
problem  (ref.  13).  Unfortunately,  the  direct 
utilization  of  the  second  variation  requires  the 
inversion  of  the  matrix  A,  which  results  in  the 
computational  problems  associated  with  the 
direct  algebraic  solution  described  above. 

Conclusions 

The  most  significant  control  problems 
are  associated  with  the  development  of  a pure 
surface  deflection  actuator  or,  alternatively, 
with  the  construction  of  a practical  control 
algorithm  for  use  with  surface  load  actuators. 
The  development  of  surface  deflection  actu- 
ators is  clouded  by  problems  associated  with 
support  and  mirror  structural  elasticity.  Load- 
actuator  control  algorithm  construction,  on 
the  other  hand,  is  hampered  by  the  large 
dimensionality  of  the  multivariable  controller. 
The  application  of  the  optimal  control  theory 
may  offer  a feasible  load-actuator  algorithm  if 
satisfactory  convergence  rates  can  be 
achieved.  Additional  careful  analysis  is  re- 
quired to  evaluate  the  effect  of  sensor  and 
actuator  errors  on  system  performance. 
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Some  Optical  Systems  for  a 
Spacebome  Telescope 


Abe  Offner 

The  Perkin-Elmer  Corporation 


In  choosing  a form  for  a space  telescope, 
we  can  make  use  of  the  knowledge  and  ex* 
perience  gained  from  the  long  history  of 
astronomical  telescopes.  Since,  however,  each 
successful  design  is  a compromise  in  which 
the  limitations  imposed  by  its  environment 
and  mode  of  operation  are  taken  into  ac- 
count, it  is  useful  to  reexamine  the  candidate 
optical  systems  for  attaining  the  goals  of  the 
National  Aeronautics  and  Space  Administra- 
tion. Following  Miinch  (reh  1),  we  assume 
that  a diffraction-limited  guidance  field  of 
3 arc  minutes  will  satisfy  all  the  guidance  re- 
quirements and  will  aho  be  sufficient  for 
most  high-resolution  astronomical  programs 
with  a 3-meter  aperture  telescope. 

Before  comparing  optical  systems,  it  is 
necessary  to  define  the  term  “diffraction- 
limited”  more  precisely.  In  absence  of  aber- 
ration, a system  with  an  unobscured, 
unapodized,  circular  aperture  forms  an  image 
of  a star  that  consists  of  a central  disc  sur- 
rounded by  the  well-known  ring  pattern  in 
which  84  percent  of  the  energy  is  within  the 
first  dark  ring.  Small  amounts  of  aberration 
reduce  the  proportion  of  the  energy  within 
the  first  dark  ring  of  the  diffraction  pattern 
without  affecting  its  diameter.  Because 
central  obscuration  has  a similar  influence  on 
the  diffraction  pattern,  it  may  be  treated  as 
an  aberration. 

Historically,  a system  has  been  called 
“diffraction-limited”  if  the  wavefront  pro- 
duced by  it,  when  forming  the  image  of  a star, 
departs  by  no  more  than  one-fourth  the  wave- 
length, X,  of  the  image-forming  light  from  a 
reference  sphere  that  approximates  it  most 
closely.  In  the  case  of  spherical  aberration, 
this  results  in  a decrease  of  20  percent  in  the 


normalized  intensity  at  the  diffraction  focus. 
For  other  aberrations,  the  X/4  criterion  results 
in  values  of  the  normalized  intensity  (or 
Strehl  ratio),  which  may  differ  appreciably 
from  0.8.  For  this  reason,  a criterion  based 
upon  the  value  of  the  Strehl  ratio  has  been 
proposed  by  Marechal  (ref.  2).  For  diffraction 
patterns  formed  by  unobscured  apertures  in 
which  the  radius  of  the  first  dark  ring  is  con- 
stant, the  relative  energy  within  the  first  dark 
ring  is  closely  approximated  by  84  percent  of 
the  Strehl  ratio  so  that  an  equivalent  to 
Marechal’s  criteria  for  unobscured  apertures  is 
obtained  by  substituting  for  the  Strehl  ratio 
the  normalized  relative  energy  within  the  first 
dark  ring  (i.e.,  1/0.84  times  the  relative 
energy). 

The  advantage  of  this  criterion  is  that 
the  effects  of  obsciuration  as  well  as  aber- 
ration, figure,  and  the  like  can  be  taken  into 
account.  A diffraction-limited  system  can 
now  be  defined  as  in  which  the  normal- 
ized relative  energy  within  the  first  dark  ring 
of  the  diffraction  pattern  of  the  image  of  a 
star  formed  by  the  system  is  greater  than 
some  number,  say  0.8.  This  value,  which  we 
may  call  NRE,  conesponds  quite  closely  to 
the  so-called  Rayleigh  criterion  of  X/4  in  the 
case  of  spherical  aberration  and  coma.  Since 
the  reduction  in  the  relative  energy  within  the 
first  dark  ring  is  proportional  to  the  mean 
square  of  the  wave  aberration,  a reasonable 
tolerance  for  the  residual  amounts  of  these 
aberrations  in  a design  is  X/8,  which  uses  up 
one-fourth  of  the  system  tolerance. 

A system  with  obvious  advantages  from 
the  point  of  view  of  manufacture,  testing,  and 
alignment  consists  of  a single  spherical  ndrror 
with  a detector  at  its  focus.  If  we  choose  a 
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sufficiently  large  focal  length  for  the  mirror, 
it  forms  diffraction-limited  images  on  a 
spherical  surface.  The  f-number,  N,  and  diam- 
eter, D,  corresponding  to  X/8  spherical  aber- 
ration (or  a loss  of  5 percent  of  the  relative 
r > etKtm  mside  the  first  dark  ring)  is  given  by 
'*  tftekrf|Ps|pJ>ii,  Q 

N = (1) 

(25 

At  X = 5 X IfT’  meter,  N = 20  so 
that  for  D = 3 meters,  N = 29.  (Allowing  a 
loss  of  20  percent  of  the  relative  energy  in  the 
central  disc  would  reduce  N to  23.)  An  f/29 
system  has  a resolving  power  of  about  60 
cycles  per  millimeter  in  the  visual  region  of 
the  spectrum  and  is  thus  suited  to  the  capa- 
bilities of  likely  detectors;  however,  the 
distance  from  the  mirror  to  the  focal  plane  of 
the  system  is  87  meters.  Although  such  a 
length  is  prohibitive  for  an  earth-based  tele^ 
scope,  this  is  not  necessarily  true  in  space. 
The  addition  of  a small  Newtonian  diagonal 
to  this  system  would  cause  negligible  obscura- 
tion (less  than  10  percent  for  a 3-minute 
field).  The  diagonal  could  be  tilted  for  fine 
guidance.  The  advantages  of  the  availability  of 
a wider-than-minimal  field  for  unusual  experi- 
ments, minimal  alignment  problems,  low  ob- 
scuration ratio,  and  ease  of  baffling  make  this 
a very  strong  candidate  for  a diffraction- 
limited,  3-meter  space  telescope.  The  costs 
and  probability  of  success  of  all  other  candi- 
date systems  should  be  compared  with  those 
of  this  simple  system. 

A 'shorter  optical  system  can  be 
achieved  by  substituting  a paraboloidal  mirror 
for  the  spherical  one.  In  this  case,  the  only 
aberration  of  importance  for  the  small  re- 
quired field  is  coma.  The  simifield  angle,  6,  at 
which  the  coma  of  a paraboloid  results  in  a 
wavefront  error  of  X/8,  is  given  by  the  ex- 
pression 

e * 8N’  (X/D)  (2) 

To  achieve  26-3  minutes  at 
X = 5 X lO"’  meter  and  D = 3 meters  requires 
N=  18.4.  If  the  requirements  are  relaxed  to 
allow  at  the  edge  of  the  guidance  field  an 
NRE  of  0.8  due  to  the  inherent  coma  of  the 


primary  mirror,  then  N=13.  The  single 
mirror  system  in  which  the  mirror  is  parab- 
oloidal retains  many  of  the  advantages  of  the 
single  spherical  mirror.  The  field  can  be  made 
shorter,  but  this  results  iu  the  requirement  of 
a detector  with  greater  resolving  power.  While 
the  diffraction-limited  field  of  the  spherical 
mirror  can  be  extended  appreciably  above 
3 minutes,  this  cannot  be  done  in  the  case  of 
the  paraboloid  mirror  without  adding  optical 
elements. 

In  a two-mirror  optical  system,  the  ad- 
vantages of  a short  physical  length  and  a long 
equivalent  focal  length  can  be  simultaneously 
achieved  in  the  well-known  Cassegrain  and 
Gregorian  arrangements.  Such  systems  can  be 
sufficiently  well  corrected  so  that  over  a 
3-minute  field  the  loss  in  the  NRE  due  to 
aberrations  is  negligible.  This  imagery  is 
achieved  if  two  mirrors  of  proper  figme  are 
maintained  at  the  proper  separation  and  are 
aligned  so  that  their  axes  are  coincident. 
Tolerances  for  departures  from  the  nominal 
situation  can  be  obtained  in  terms  of  the 
amount  by  which  they  reduce  the  proportion 
of  the  energy  in  the  central  disc.  These  toler- 
ances are  functions  primarily  of  the  f-number 
of  the  primary  mirror.  We  have  computed 
them  (see  Appendix  A)  for  a Cassegrain  sys- 
tem in  which  the  final  image  is  at  the  primary 
mirror  so  that  the  separation,  d,  between  the 
two  mirrors  is  also  the  back  focus.  No 
plausible  systems  of  this  type  have  tolerances 
that  differ  significantly  from  those  calculated. 

Since  a hyperboloidal  mirror  forms  an 
aberration-free  image  of  a (virtual)  point  ob- 
ject at  its  geometrical  near  focus,  a misalign- 
ment of  the  axes  of  the  primary  and 
secondary  mirrors  has  no  affect  on  the  axial 
imagery  at  the  Cassegrain  focus,  provided  that 
the  focus  of  the  primary  mirror  is  at  the 
(geometric)  focus  of  the  s-;^ondary  hyper- 
boloid (fig.  1).  In  the  case  of  off-axis  aber- 
rations, a difference  in  the  compensation 
between  primary  and  secondary  mirror  contri- 
butions is  introduced  by  the  angle  between 
the  two  image  surfaces  at  the  virtual  image. 
For  an  f/1  primary  minor  and  a 2-degree 
angle  between  the  primary  and  secondary  mu> 
ror  axes,  the  change  in  coma  at  the  edge  of  a 
3-minute  total  field  is  X/16  at  X *5  x KT’’ 
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SECONDARY  MIRROR 
SURFACE V 


AXIS  OF  SECONDARY 
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FOCUS  OF  PRIMARY 
(PARABOLOID) 


GEOMETRICAL  FOCUS 
OF  SECONDARY 
(HYPERBOLOID) 


Figure  1.  Permissible  misalignment  of  mitror  axes  in 
Cassegrain  telescope. 

meter  and  D = 3 meters.  Thus,  the  tolerances 
on  decentration,  tilt,  and  separation  of  the 
two  mirrors  can  be  reduced  to  tolerances  on 
the  departure  from  coincidence  of  their  foci  if 
the  angle  between  the  axes  of  the  two  mirrors 
is  reasonably  small  (flg.  2).  (For  systems,  such 
as  the  Ritchie-Chretien,  in  which  the  two  foci 
do  not  coincide,  these  tolerances  can  be  ex- 
pressed in  terms  of  the  departure  from  nomi- 
nal separations  of  the  two  foci.) 


AXIS  OF  SECONDARY 
MIRROR 


FOCUS  OF  PRIMARY 
MIRROR 

— 

FOCUS  OF  SECONDARY 
MIRROR 


Figure  2.  Parameters  for  mirror-positioning 
tolerances. 

A longitudinal  separation,  5x,  of  the 
foci  of  the  primary  and  secondary  mirrors  re- 
sults in  spherical  aberration  at  a displaced 
image  position.  The  longitudinal  tolerance, 
5Xf,  corresponding  to  a maximum  departure, 
W|.,  from  the  closest  sphere  is  derived  in 
Appendix  A.  In  terms  of  the  secondary  mag- 
nification, m,  and  Cassegrain  f-number,  N,  it 
is  given  by  the  expression 

512 

For  values  of  m for  which  m*  > > 1 , 


6xt  - 512Np*  Wj 

where  N_  is  the  f-number  of  the  primary 
mirror. 


A lateral  displacement,  y,  of  the  focus 
of  the  primary  mirroi  from  that  of  the  secon- 
dary mirror  results  in  coma  on  an  image  plane 
that  is  tilted  by  rn  times  the  angle  between 
the  axes  of  the  two  mirrors.  The  lateral 
tolerance,  y,  corresponding  to  a maximum  de- 
parture, Wj.  from  the  closest  reference  sphere 
is  given  by  the  expression 

When  rn*  »1,  this  can  be  approximated  by 
the  expression 

yt  = (64Np*)W^  (6) 

For  an  f/2  primary  mirror  and  W*  = X/8 
at  X = 5 X lO'*  meter,  6xj  = 0.512  millimeter 
for  m*  >>  1.  The  same  system  has  a lateral 
tolerance  y^  = 0.032  millimeter.  The  value  of 
the  lateral  tolerance  is  proportional  to  the 
cube  of  the  primary  mirror  f-number.  The 
lateral  tolerance  on  a system  with  an  f/1  pri- 
mary mirror  is  thus  0.004  millimeter.  Increas- 
ing the  value  of  to  a value  that  reduces  the 
NRE  to  0.8  as  a result  of  tliis  misalignment 
alone  merely  doubles  this  tolerance.  Since  the 
reduction  in  length  achieved  by  a two-mirror 
system  is  approximately  Np/N,  large  re- 
ductions in  length  are  accompanied  by  very 
tight  tolerances  in  the  permissible  later^ 
separations  of  the  foci  of  the  two  mirrors. 

A further  restiiction  in  the  design  of  a 
two-mirror  system  is  the  need  to  keep  the  ob- 
scuration ratio  low.  Examination  of  figure  3 
shows  that  for  an  obscuring  aperture  whose 
diameter  is  r in  units  of  the  system  diameter, 
the  NRE  is  closely  approximated  by  the  ex- 
pression for  the  relative  intensity  at  the  center 
of  the  diffraction  pattern 

NRE  « 1-r*  (2-r*)  = I-1.8r»  (7) 

It  can  be  seen  that,  in  terms  of  NRE,  the 
effect  of  an  obscuration  ratio  of  1 to  6 is  the 
same  as  that  of  one-eighth  wave  of  third-order 
spherical  aberration.  Althou^  it  is  not 
difficult  to  keep  the  obscuration  by  the 
secondary  miirmr  below  this  figure,  the  re- 
quirements for  baffling  in  the  presence  of  the 
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earth,  sun,  and  moon  may  either  increase  the 
obscuration  ratio  or  restrict  the  use  of  the 
system. 


Figure  3.  Energy  distribution  in  diffraction  pattern 
corresporuSng  to  apertures  with  ce,ttral  obscunh 
tUm. 

Appendix  A 

The  following  are  the  computations  of 
positioning  tolerances  for  a Cassegrain  system 
whose  back  focus  is  at  the  primary  mirror. 

Longitudinal  Tolerance 

The  hyperbola,  S,  of  figure  A-1  is  the 
intersection  of  the  hyperboloidal  secondary 
mirror  with  a plane  containing  the  axes  of  the 
hyperbola.  Its  foci  are  at  F and  P',  and  its 
center  is  at  C.  In  terms  of  rectan^ar  co- 
ordinates with  origin,  O,  at  the  pole  of  the 
hyperbola  and  the  x-axis  along  the  optical 
axis,  the  equation  of  the  hyperbola  is 


ar 


(Al) 


where  a is  the  distance  CO  and  r is  the  radius 
of  curvature  of  the  hyperbola  at  its  pole. 
Solving  equation  ( Al ) for  x,  we  have 


Figure  Al.  Geometry  for  computing  the  effect  of 
iongitudinai  separation  of  foci 


When  the  primary  focus  is  at  F,  the 
secondary  mirror  forms  an  Image  at  F'  at  the 
magnification  m.  If  the  prirmry  focus  is  dis- 
placed a distance,  _6x,  to  F,  the  secondary 
image  is  formed  at  F',  which  is  at  the  distance 
m*  5x  from  F . A hyc^rbolddal  mirror  with 
pole  at  O and  foci  at  F wd  F'  would  form  an 
aberration-free  image  at  F'.  Using  barred  vari- 
ables to  refer  to  the  correct  hyper1x>la,  we  can 
describe  it  by  an  expression  similar  to  equa- 
tion (A3) 


(A3) 


where  the  r is  not  barred  because  it  must  have 
the  same  value  for  the  two  hyperbolae.  Since 
a is  the  distance  TO,  we  have 


a » a + (m*-l)6x/2 


For  y»y,  we 
(A3),  and  (A4) 


(A4) 

have  from  equations  (A2), 


(I  n.  y«(m’-l)5x 

where  we  have  made  the  approximation 
aa  « a^ . For  the  Cassegrain  image  at  the  pri- 
mary mirror,  the  separation,  d,  between  the 
two  minors  is  equal  to  the  back  focal  length 
FO.  From  the  properties  of  the  hyperbola. 


a*+ar  +a 


m 


^a*^-aj 


(A6) 
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Hence 


Lateral  Tolerance 


dVm  = ar  (A7) 

For  the  value  of  y at  the  edge  of  the 
mirror,  the  f-number,  N,  of  the  Cassegrain 
system  is  given  by 

N = d/2y  (A8) 


Making  the  substitutions  from  equations 
(A7)  and  (A8)  in  equation  (AS),  we  obtain 
the  relation 


V 7 - tn^(ni^-l 
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This  is  the  departure  of  the  edge  of  the 
actual  hyperboloid  from  the  surface  that 
would  give  aberration-free  imagery.  Since  the 
image  defect  is  third-order  spherical  aber- 
ration, the  departure  of  the  aberrated  wave 
from  the  nearest  sphere  is  given  by  the  ex- 
pression 

w - fix 

4 512  (AlO) 

The  tolerance  on  longitudinal  separation  of 
the  foci  of  the  two  mirrors,  8X(,  can  then  be 
related  to  the  tolerance  on  the  resultant  wave 
aberration.  , by  the  expression 


xv  - S12N" 


^ 11/ 
m*(m*-l)  ^ 


(All) 


For  m*  > > 1 , this  reduces  to  tivc  expression 
6xj-512Np^Wt  (A12) 


where  Np  is  the  f-number  of  the  primary  mir^ 
ror. 


For  moderate  angles  between  the  axes  of 
the  two  mirrors,  the  image  deterioration 
caused  by  either  lateral  shift  or  tilt  is  propor- 
tional to  the  resultant  lateral  displacement,  y, 
of  the  primary  focus  from  the  secondary 
focus  (fig.  I . The  only  significant  aberration 
introduced  by  a small  displacement  is  the 
coma  of  the  hyperboloid  for  an  object  point 
at  this  height.  For  Cassegrain  f-number,  N,  the 
maximum  departure,  W,  of  the  comatic  wave- 
front  from  the  best-fitting  refereiice  sphere  is 
given  by  the  expression 


_ in(m*-l) 
^ ■~64N^ 


(A  13) 


The  tolerance  on  the  lateral  separation 
of  the  foci  of  the  two  mirrors,  y^,  is  related  to 
the  tolerance  on  the  resultant  wave  aber- 
ration, W{,  by  the  expression 


64  Wt 
m(m’-l) 


(A14) 


For  m^  »1,  this  can  be  approximated 
by  the  expression 

y^  = (64Np3)  Wt  (A15) 

If  we  set  equal  tolerances  or  due  to 
longitudinal  and  lateral  separations  of  the  foci 
of  the  two  mirrors. 


y*  = 6xt/8Np 


(A16) 
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Introduction 

In  spacebome  astronomy  programs,  the 
use  of  reflecting  or  catadioptric  telescopes 
will  be  almost  universal  because  of  their 
intrinsic  achromatism  and  resolving-power 
capabilities.  Since  many  of  the  earlier  pro- 
grams will  be  of  a survey  nature,  the  use  of 
instruments  having  a sufficiently  large  field- 
of-view  is  also  particularly  desirable  to  make 
the  best  use  of  the  sometimes  limited  time  in 
orbit.  In  this  paper,  we  will  discuss  various 
alternatives  to  achieve  a large  field  for  the 
cases  of  one-,  two-,  and  three-mirror  systems. 

One-Minor  Systems 

The  single  parabolic  mirror  is  seriously 
afflicted  with  coma;  its  magnitude  as  a 
function  of  off-axis  distance  and  f-ratio  can 
be  computed  by  the  rule  of  thumb: 

length  of  coma  blur  per  minute  off-axis 
_ 10  seconds  of  arc 
(f-ratio)* 

Thus,  we  see  that  the  200-inch,  f/3.3  tele- 
scope shows  1 second  of  arc  of  coma  at  1 
minute  of  arc  off-axis.  Because  this  is  a large 
amount  even  for  an  instrument  limited  by 
atm'  .pheric  seeing,  a series  of  correcting 
lenses  was  designed  by  F.  E.  Ross  (ref.  l)  to 
cancel  the  third-order  coma  contribution  of 
the  primary  and  the  partly  balanced  astigma- 
tism and  higher-order  aberrations.  The  Ross 
corrector  generally  used  a close-spaced 
positive-negative  pair.  Since,  to  the  on  axis 
bundle,  the  lenses  resemble  a thick  plane- 
parallel  plate,  some  means  are  needed  to 


remove  the  spherical  aberration  thus  intro- 
duced. Ross  used  a thin  meniscus  farther  up 
the  beam  while  Rosin  (ref.  2)  proposed  slight 
additional  aspherization  of  the  primary  mir- 
ror, which  has  no  effect  on  its  coma  contribu- 
tion. Recently,  Baranne,  Kohler,  and  Wynne 
(refs.  3,  4,  5)  have  published  more  complex 
designs  for  spherical-element  correctors  that 
increase  the  seeing-limited  field  to  more  than 
1 /2-degree  diameter  for  f/2.5  - f/3.0  pri- 
maries. Figure  1 is  a Wynne  corrector  for  the 
f/2.8  prime  focus  of  the  Kitt  Peak  150-inch 
telescope.  Figure  2 is  a design  by  R.  Wientzen 
of  a conector  for  an  f/2.5  parabola  being 
built  at  Itek  Corporation.  Gascoigne,  Kohler, 
Meinel,  Schulte,  and  Wynne  (refs.  6,  4,  7,  8, 
9 ) have  also  investigated  the  use  of  aspheric- 
surfaced lenses  in  the  converging  beam.  No 
information  is  available  at  present  on  the  dif- 
ficulties of  fabrication  and  testing  these 
systems  although  several  of  them  are  to  be 
incorporated  in  the  various  over-lOO-inch  tele- 
scopes now  under  construction.  The  large 
overall  length  of  a prime  focus  system  places 
it  at  a disadvantage  for  space  astronomy,  but 
it  could  be  of  value  for  programs  requiring 
fast  f-ratios  and  small  central  obstructions. 

Two-Mirror  Systems 

Spherical  aberration  and  coma  can  be 
simultaneously  corrected  with  the  use  of  two 
aspheric  mirrors.  This  is  the  family  of 
aplanatic  telescopes  of  which  the  Ritchey- 
Qiretien  is  the  most  well-known  member.  The 
other  members  of  the  family  are  shown  in 
figure  3,  which  is  adapted  from  a paper  by 
J.  Landi-Dessy  (ref.  10).  His  notation  is  the 
same  as  Linfoot,  who  also  investigated  the 
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" problem  in  a general  way  (ref.  1 1 ).  The  ^ - 
f 'i  secondary  radius 

■ to  imnwjCjralfiuvM^I^  is  the  ratio  of  the 
hei^t  of  an  axial  ray  at  the  two  respective 
mirrors.  By  using  these  dimensionless  param- 
eters, it  is  possible  to  locate  the  whole  domain 
of  two-mirror  systems  on  this  diagram.  The 
“virtual”  regions  are  those  where  either  the 
radius  of  the  secondary  or  its  location  (or 
both,  as  in  the  upper  left  quadrant)  is  such 
that  the  final  beam  is  divergent.  Since  the 


Schwartzchild  systems  have  concave  secon- 
daries located  inside  the  focal  point  of  the 
primary  mirror,  real  images  are  always 
formed;  and  this  quadrant  is  fully  populated. 
All  of  the  systems  are  correctable  for  spher- 
ical aberration  and  coma  by  aspherizing,  as 
previously  mentioned.  In  addition,  there  exist 
loci  in  all  three  quadrants  on  which  one  of  the 
other  third-order  aberrations  is  also  corrected. 
There  are  distortion-free  cases  in  all  three 
quadrants,  but  there  are  no  Cassegrain  or 
Gregorian  configurations  for  which  either 
astigmatism  or  field  curvature  is  corrected. 
Schwartzschild  systems  exist  which  are 
corrected  for  distortion,  field  curvature  (the 
“Classical  Schwartzschild”)  or  astigmatism 
(“Couder  anastigmat”).  Because  the  mirror 
separation  is  greater  than  the  equivalent  focal 
length,  Schwartzschild  telescopes  have  been 
little  used  except  in  small  versions  (as  for  the 
Celescope  program). 

One  other  application  has  been  pub- 
lished by  Epstein  (ref.  12).  This  is  described 
as  an  off-axis  reflecting  Schmidt  camera,  but 
it  can  also  be  thou^t  of  as  a degenerate  case 
of  a Schwartzschild  system  with  J = 0;  i.e.,  a 
flat  but  aspheric  primary.  This  primary,  or 
more  familiarly  the  reflecting  Schmidt  plate, 
is  located  at  the  center  of  curvature  of  the 
spherical  “secondary.”  This  follows  the  rule 
for  the  more  general  Couder  anastigmat 
(mirror  separation  equals  2 times  equivalent 
focal  length).  To  avoid  complete  self- 
obstruction,  this  system  must  be  used  far 
enough  off-axis  for  the  incoming  bundle  tc 
clear  the  spherical  mirror  completely  on  its 
way  to  the  a.spheric  flat.  The  astigmatism 
introduced  by  the  obliquity  of  the  aspheric  h 
small  enough  to  permit  use  of  this  arrange- 
ment to  about  f/4.  For  faster  systems,  it  may 
be  necessary  to  use  nonrotationally- 
symmetric  aspherics  to  remedy  the  obliquity 
effect. 

Two-Mirror  Field-Corrected  Systems 

If  the  instrument-package  configuration 
does  not  permit  use  of  one  of  the  “self- 
correcting”  two-mirror  systems,  refracting 
field-correcting  systems  can  be  used  with 
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more  arbitrarily  selected  two-mirror  inputs, 
the  favorite  being  Cassegrains.  In  general, 
Gregorians  compare  poorly  with  Cassegrains 
because  the  former  have  greater  total  length 
for  the  same  focal  configuration.  Their  field 
curvature  tends  to  be  greater  than  for 
equivalent  Cassegrains;  it  is  also  opposite  in 
sign,  which  could  be  an  advantage  in  special 
circumstances  involving  relay  lenses. 

The  remainder  of  this  section  will  be 
concerned  with  the  Ritchey-Chretien  vari- 
ation of  Cassegrain  systems.  Landi-Dessy, 
Puch,  and  Simon  (ref  13)  have  recently 
published  a paper  on  the  third-order  abe^ 
rations  of  corrected  Cassegrains  (assuming 
aspheric  corrector  plates),  which  can  be 
helpful  in  flnding  suitable  starting  points  for  a 
design.  One-,  two-,  and  three-lens  correctors 
have  been  designed  by  Kohler,  Rosin,  Wilson, 
and  Wynne  (refs.  4,14,15,5)  Wilson 
poin.  > out  that  better  performance  can  be 
obtained  by  designing  the  system  as  a whole; 
i.e.,  by  allowing  the  mirror  surfaces  to  depart 
slightly  from  the  exact  Ritchey-Chretien 
solution  to  facilitate  higher  order  aberration 
balancing.  This  was  also  discussed  by 
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Gascoigne  and  Schulte  (refs.  6 and  16 ) in  the 
case  of  aspheric  field  correctors.  For 
diffraction-limited  performance  over  Helds  1 
degree  and  more  in  diameter,  this  procedure 
becomes  a necessity.  Figures  4 and  5 show  the 
total  layout  and  the  correcting  lenses  for  such 
a system  fora  IH-degree-diameter,  distortion- 
free,  flat  field.  Four  elements  are  generally 
sufficient  for  telescopes  of  this  type  if  there  is 
complete  freedom  in  selecting  the  type  of 
^ass.  This  may  lead  to  objectionable  ultra- 
violet absorption  if  special  glasses  are  used. 
One  way  to  avoid  this  difficulty  (or,  if  more 
important,  to  reduce  the  number  of  lens 
elements  needed)  is  to  allow  the  presence  of 
some  field  curvature  and/or  distortion, 
neither  of  which  degrades  th  ? resolution.  The 
corrector  can  be  neariy  zero  power,  thereby 
allowing  the  use  of  normal  glasses  without 
introducing  chromatic  aberration  such  as 
lateral  color  and  secondary  longitudinal  color. 

Figures  6 and  7 show  a telescope 
designed  for  a somewhat  unusual  space- 
astronomy  application.  The  holes  drilled 
through  the  corrector  group  allow  the  for- 
mation of  an  on-axis  image  with  the  ultra- 
violet unabsorbed  by  glass;  this  feeds  an 
ultraviolet  spectrophotometer.  For  offset 
guiding,  two  reference  stars  must  also  be 
observed  within  a IS-minute  radius  of  the 
object  of  interest.  Although  the  spectral  range 
can  be  more  limited,  the  image  size  of  the 
reference  stars  must  be  comparable  to  that  of 
the  on-axis  image.  In  addition,  it  is  desirable 
to  have  telecentricity;  i.e.,  the  central  ray  of 
each  off-axis  bundle  should  be  nearly  parallel 
to  the  axis.  This  is  because  the  reference  stars 
are  individually  reimaged  by  high  magni- 
fication, periscope-like  systems;  thus,  varying 
inclination  of  the  off-axis  bundles  would  give 
rise  to  heavy  vignetting  as  they  traveled 
throug.h  the  long  periscopes.  In  addition,  a 
flat  field  is  required  for  the  outer  region  so 
that  the  longitudinal  positons  of  the  final 
images  of  the  guide  stars  do  not  change  with 
distance  off-axis.  It  should  be  apparent  from 
the  lens  drawing  that  the  tclecentric  require- 
ment places  great  demands  on  the  field  group; 
four  elements  are  none  too  many,  even  for 
only  a 1/2-degree  field  diameter.  This  f/8.5 
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system  has  an  f/3  primary;  the  design  dif- 
ficulties multiply  if  an  f/2  primary  is  used. 
Correction  of  the  larger  intrinric  field 


figures.  FkHd-cmectinglenm far f 12.5 -f  16.0 
Cusegrain 


curvature  is  at  cross-purposes  with  making  the 
chief  rays  parallel  to  the  axis. 


Three-Mirror  Syr'ems 


The  family  of  three-mirror  systems 
cannot  be  plotted  in  two  dimensions;  hence, 
attention  must  be  confined  to  one  or  two 
special  cases  of  interest  while  realizing  that 
many  possible  solutions  probably  exist  for 
any  given  set  of  requirements. 

Recently,  Baker  (ref.  17)  proposed  what 
he  called  a “two-mirror  corrector”  to  use  with 
existing  parabolic  mirrors.  The  converging 
beam  from  the  parabola  is  recollimated  by  a 
parabolic  convex  mirror.  A spherical  concave 
mirror  with  its  center  of  curvature  at  the 
vertex  of  the  convex  mirror  then  reimages  the 
parallel  bundle.  If  the  convex  mirror  is  made 
slightly  nonparabolic  to  cancel  the  spherical 
aberration  of  the  concave  mirror,  the  final 
image  is,  to  a high  degree,  free  from  spherical 
aberration,  coma,  and  astigmatism.  In 
addition,  the  curvature  of  the  three  mirrors 
can  be  distributed  in  a way  to  yield  a fiat 
field.  Figure  8 shows  a representative  Baker 
three-mirror  system.  Slight  additional  aspheric 
touchup  on  all  three  mirrors,  plus  small 
departures  from  the  exact  spacing  relation- 
ships implied  above,  brings  about  the  bal- 
ancing of  the  higher-order  aberrations  so  that 
fields  of  2 degrees  or  more  in  diameter  can  be 
realized  with  exceedingly  fine  resolution.  For 
the  design  shown  in  figure  8,  the  image  size  is 
less  than  1/100-second-of-arc  diameter  at  33 
minutes  off-axis. 

Again,  as  in  the  case  of  corrected 
Cassegrains,  three-mirror  telescopes  that  fit  a 
desired  configuration  but  that  are  not 
“naturally”  corrected  for  field  aberrations  (as 
the  Baker  reflectors  are)  can  nevertheless 
benefit  from  field  correctors.  The  latter  tend 
to  be  less  complex  because  of  the  help  pro- 
vided by  the  third  available  aspheric  mirror. 
In  fact,  often  the  only  significant  aberration 
to  be  corrected  by  lenses  is  the  field  curvature 
contributed  by  the  mirrors.  Figure  9 is  such  a 
design;  this  f/6  system  was  made  quite  short 
by  the  use  of  a fast  primary.  The  third  mirror 
near  the  vertex  of  the  primary  is  a basically 
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flat  aspheric.  Only  two  lenses  were  needed 
(mostly  to  flatten  the  field)  for  a 1-degree- 
diameter  field. 

In  this  discussion,  it  was  possible  to 
mention  only  briefly  a few  of  the  configu- 
rations that  may  be  useful  in  space 
astronomy.  Any  detailed  study  must  be  made 
with  the  astronomical  requirements  in  mind, 
as  well  as  the  vehicle  to  be  used,  and  also  the 
relative  difficulties  of  fabrication  and 
alignment. 


Figures.  Fl9-flI0Bakar three-mirror tdeacope.  F1gure9.  FI  1.4 -f/6.0 corrected three-mim^vstm. 
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Introduction 

The  basis  of  this  paper  is  the  work  per- 
formed by  the  General  Electric  Company  for 
NASA  in  their  studies  of  design  guidelines  for 
sterilization  of  spacecraft  structures,  design 
criteria  for  typicd  planetary  spacecraft  to  be 
sterilized  by  heating,  and  design  criteria  for 
typical  Mars  landing  capsules  requiring  sterili- 
zation. The  purpose  of  this  work  was  to  estab- 
lish guidelines  for  the  design  of  planetary 
spacecraft  subject  to  heat  sterilization. 

Analytical  and  test  phases  on  typical 
spacecraft  structures  were  conducted  with  the 
primary  emphasis  placed  on  the  response  of 
structural  and  mechanical  components  to 
elevated  temperatures.  The  range  of  environ- 
ments investigated  extended  from  25°  to 
1 S0°C,  and  the  heat-soak  duration  extended 
up  to  64  hours. 

The  portions  of  this  work  covered  in  this 
paper  are:  ( 1)  thermostructural  test  of  a 
typical  planetary  spacecraft,  (2)  an  alignment 
test  to  determine  the  magnitude  of  pennanent 
distortions  during  testing  of  the  typical  planr 
etary  spacecraft,  and  (3)  a study  of  structural 
joints. 

Thermostructural  Vehicle  Tests 

The  thermostructural  vehicle  tests  were 
divided  into  two  groups:  the  Vehicle-A  series 
and  the  Vehicie-B  series. 

Test  Objectives 

The  primary  objective  of  these  tests  was 
to  determine  the  effect  of  a thermal  sterilizing 
environment  on  a typical  200-pound  plane- 
tary lander. 


It  is  important  to  know  the  time 
required  to  reach  sterilizing  temperatures 
(approximately  12S°C)  and  the  time  to  cool 
to  room  temperature.  These  times  will  vary 
with  vehicle  configurations.  Determination  of 
heating  and  cooling  times  for  the  test  vehicle 
was  therefore  a major  objective  of  the  test.  In 
addition,  the  test  determined  the  relationship 
between  analytically  predicted  and  experi- 
mentally measured  stresses  and  temperatures 
at  critical  locations.  The  parameters  that  were 
measured  and  compared  included  thermal 
gradients,  thermal  rise  times,  and  stresses.  The 
comparison  with  analytically  predicted  values 
was  an  integral  part  of  this  test,  and  no  test 
data  were  considered  before  analytical  predic- 
tions were  completed. 


Test  Vehicle 

Selection  of  a test  vehicle  was  based 
upon  the  specific  requirements  (l)to  deter- 
mine the  length  of  the  heating  and  cooling 
transient  times  and  (2)  to  compare  predicted 
thermal  and  structural  analyses  with  test 
results. 

Two  test  vehicles  were  assembled  from 
m^or  elements  of  a General  Electric  reentry 
vehicle.  The  differences  between  the  two 
vehicles  were  mainly  in  the  degree  of  com- 
plexity ana  assembly  control.  Vehicle  A was  a 
complex  vehicle  used  to  study  the  effects  of 
different  heating  methods  and  cycles  on  the 
thermal  transients  and  gradients  in  a realistic 
entry  package.  Vehicle  B was  a less  comidex 
vehicle  that  could  be  controUed  and  readily 
analyzed,  both  thermally  and  structurally. 

Both  vehicles  used  the  same  thermal 
shield,  thrust  cone,  aft  cover,  and  base  plate. 
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The  heat  shield  was  made  from  General  Elec- 
tric ESM  material  with  a fiberglass  liner. 

The  major  structural  components  of  the 
thermostructural  test  vehicles  are  shown  in 
. figi^e  1,  which  is  valid  for  both  Vehicles  A 


HEAT  SHIELD 
CAESULE 
CAESULE  INTERNAL 
STRUCTURE 


THRUST  CONE 
AFT  COVER 
SASE  elate 


FiffiK  I.  Thermostructural  test  vehicle. 


Test  Oven 

The  oven  used  for  the  tests  was  a GECO 
Mode!  FT72.  This  oven  is  shown  in  figures  2 
and  3. 

The  oven  has  a thermostatic  control, 
which  senses  air  temperature  and  is  used  to 
regulate  the  oven  temperature.  There  are 
three  heaters  in  the  system  that  can  be 
energized  at  will.  If  all  heaters  are  turned  off, 
the  oven  fan  will  operate  and  will  recirculate 
air  as  long  as  the  power  is  on  at  the  main 
control.  The  choice  of  the  number  of  heaters 
to  be  on  is  usually  at  the  discretion  of  the 
operator,  but  these  heaters  can  also  be  op* 
crated  automatically. 


Figure  1 Thermostructurai  tat  oven,  doors  closed. 


Vehicle  .A  Test 

1 . Purpose.  The  purposes  of  the 
Vehicle-A  series  of  tests  on  the  complex, 
densely  packed  vehicle  were  (l)to  evaluate 
the  efftcts  of  various  heating  methods  on  the 
transient  thermal  times,  (2)  to  determine  the 
amount  of  permanent  distortion  caused  by 
heating,  (3)  to  attempt  to  obtain  meaningful 
data  on  the  effect  on  bolt  torques,  and  (4)  to 
determine  visually  any  detrimental  effects  on 
equipment  and  paints  within  the  vehicle.  No 
analysis  w'as  performed  on  this  vehicle  prior 
to  testing. 

2.  Vehicle  Description.  The  capsule  in 
Vehicle  A contains  structure  and  components 
that  were  originally  designed  for  flight  in  this 
capsule.  Because  these  components  were  not 
designed  to  withstand  heat  sterilization,  cer- 
tain of  them  were  removed  to  eliminate 
possible  safety  hazards.  Replacements  were 
added  to  maintain  the  thermostructural 
characteristics  of  the  vehicle.  Vehicle  A 
closely  resembles  the  actual  packing  density, 
air-flow  restrictions,  heat-flow  paths,  and 
thermal  mass  of  a flight  vehicle.  Major  ele- 
ments of  Vehicle  A are  shown  in  figures  4,  5, 
6,  and  7. 

.3.  Instrumentation.  Prior  to  assembly, 
Vehicle  A was  instrumented  with  104  thermo- 
couples, located  in  the  oven  and  on  the 
vehicle.  Heat  paths  were  monitored  from  the 
mounting  plate  through  the  mounting 


Figure  3.  Thermostructural  test  oven,  doors  open. 


* 


Figure  4.  Capsule  assembly  with  cover  removed  Figure  5.  Capsule  internal  components  and  support 

structure. 

brackets  to  the  wall  of  the  components  and  the  rate  of  2®F  per  minute.  The  upper 

into  the  interior  of  the  components.  A com-  temperature  limit  for  Tests  A-1  through  A-3 

plete  temperature  history  of  the  components  was  302°F  (150°C).  For  Test  A-4,  the  oven 
was  obtained  in  this  manner.  Figure  7 shows  air  was  deliberately  overheated  to  342°  F,  and 
the  test  vehicle  installed  in  the  oven.  the  canister  was  permitted  to  heat  to  325°F. 

4.  Test  Conditions.  Four  separate  tests  The  oven  temperature  was  then  gradually 

were  pciformed  on  Vehicle  A in  order  to  lowered  at  a variable  rate  such  that  the  vehicle 

evaluate  tltc  effects  of  forced  heat  convection.  did  not  exceed  300° F. 

The  test  conditions  are  summarized  in  table  1 . A 9-hour  temperature  soak  was  included 

in  the  A-2  test  and  a 64-hour  soak  in  the 
Fur  all  four  tests,  the  oven  air  tempera-  A-3  test.  The  soak  period  was  defined  as 
ture  was  increased  from  room  temperature  at  beginning  when  the  coldest  thermocouple 

reached  approximately  300°  F. 
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Tad/e  1.  Vehicle- A Test  Condition  Summary 


Teit 

No. 

Csnitter 

Oven 

Fins 

Fan  tnside 
Canister 

Fan  inside 
Vehicie 

A’} 

No 

Yes 

~ 

Yes 

AO 

No 

Yes 

- 

No 

) 

A-3 

Yes 

Yes 

No 

No 

A-4 

Yes 

Yes 

N.^ 

No 

5.  Test  Results.  Table  2 (ref.  1)  shows  a 
summary  of  the  important  test  results  for  the 
Vehicle-A  test  series.  It  is  of  interest  to  note 
that  the  time  to  reach  maximum  temperature 
difference  is,  in  the  majority  of  cases,  approx* 
imately  equal  to  the  heat-up  time  but 
increases  as  the  forced  convection  devices 
(fans)  are  eliminated.  This  is  to  be  expected 
because  the  presence  of  gas  circulators 
improves  the  uniformity  of  heating  through- 
out the  vehicle,  thus  reducing  large  potential 
gradients  and  eliminating  smaller  ones. 

Of  the  four  conditions  tested,  the  A-2 
condition  imposed  the  most  severe  thermal 
gradients  on  the  capsule.  They  were  caused  by 
having  the  heat  shield  and  the  capsule  struc- 
ture at  the  capsule/shield  interface  heated 
quickly  by  the  oven  fans.  With  no  air  circula- 
tion (and  thus  no  forced  convection)  within 


the  capsule,  the  inside  portions  of  the  struc- 
ture heated  up  more  slowly. 

Vehicle  B Test 

\.  Purpose.  The  purpose  of  the  Vehicle-B 
series  of  tests  was  (l)to  determine  if  pres- 
ently accepted  analysis  methods  are  adequate 
for  predicting  temperatures  and  stresses  due 
to  heat  sterilization,  (2)  to  isolate  the  prob- 
lem areas  where  liigh  stresses  exist  and  to 
investigate  methods  of  reducing  them,  (3)  to 
perform  an  optical  alignment  check  before 
and  after  a heat-storilization  cycle  to  dete^ 
mine  relative  distortions  between  structural 
elements,  and  (4)  to  determine  visually  ob- 
servable effects  on  the  sff&clure  and  com- 
ponents. 

Prior  to  testing,  thermostructural  anal- 
yses were  performed  for  all  three  test  con- 
ditions to  predict  the  temperatures  and 
stresses  produced  in  the  vehicle  during  the 
transient  and  steady-state  phase.  No  analysis 
was  performed  for  the  optical  alignment  test 

2.  Vehicle  Description.  Vehicle  B is 
shown  in  flgureS.  The  difference  between 
Vehicles  A and  B is  in  the  structure  and 
component  arrangement  within  the  payload 
capsule.  The  internal  capsule  structure  and 


TtMe  2.  Vehicle-A  Summary  of  Test  Results 


Tett  Conditions 

Test 

r* 

Elemenls 

Maxhnum 

Temperature 

DifferencAAT 

(*F) 

Time  to  Reach 
Maximum  AT 
(hr) 

Time  to  Reach 
2W*F 
(Iw) 

TimtioRtMh 

SOOTF 

(•») 

Oven  FanSt 

A1 

Heat  Shield  and  Thntit  Cone 

18 

2 

2-3/4 

Vehicle  Fan 

Capcule  Structure 

48 

2 

4-1/2 

Components 

4-1/2 

7 

Oven  Fans  Only, 

A2 

Hmi  SkieM  and  Tlint«  Com 

SO 

2 

5-1/2 

No  Vehicle  Fan 

Capaule  Structure 

86 

M/2 

8 

Components 

t 

12 

Oftn  Fans  Only 

A3 

Heal  Shielo  and  Thrust  Cone 

58 

2 

8-1/2 

Vthklt  in  Canifiaf 

Capwlt  Structure 

61 

3 

Coo^KMenis 

14 

23 

Oran  Fans  Only. 

A4 

Heat  ShMd  and  ThniM  Cone 

64 

2-3/4 

7-1/2 

VchickinCaiiiatar. 

Capnde  Structure 

61 

3 

10 

25*FCaiiitl«r 

Components 

UFI/2 

18 

Ov  wheal 
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coinponent  arrangement  was  simplified  for 
the  Vehicle  B tests  so  that  it  could  be  more 
readily  analyzed. 

3.  Pretest  Thermal  Analysis.  An  analysis 
of  the  transient  thermal  behavior  of  Test 
Vehicle  B was  performed,  using  a digital- 
computer  heat-transfer  program,  to  predict 
the  temperature-time  behavior  of  the  vehicle 
during  the  heating  cycle  from  the  20®C 
(70®F)  initial  temperature  to  the  150®C 
(302*F)  temperature.  Similarly,  the  same 
program  was  used  to  determine  the  cool-down 
thermal  response  when  going  from  150*C 
(302®F)  to  2rc  (70®F).  Both  cases  were 
assumed  to  occur  at  a predetermined  rate, 
which  was  two  hours  for  the  heating  cycle 
and  an  instantaneous  drop  to  for  the 
cooling  cycle. 

4.  Thermo  structural  Analysis.  A com- 
plete thermostructural  analysis  of  Test 
Vehicle  B was  performed  as  a part  of  the 
overall  test  program.  The  purposes  of  the 
Vehicle-B  test  series  were:  (l)a  comparison 
of  analytically  and  experimentally  determined 
temperatures  and  stresses  and  (2)  an  experi- 
mental evaluation  of  the  stresses  likely  to  be 
encountered  during  thermal  testing  of  a plane- 
tary spacecraft.  The  analysis  was  needed  to 
pinpoint  areas  of  high  stress  for  proper  loca- 
tion of  strain  gauges  as  well  as  to  provide  a 
comparison  with  test  results. 

Figure  9 (ref.  2)  shows  the  vehicle  break- 
down for  thermostructural  analysis.  It  was 
subdivided  into  three  shell  portions 
(members  1 through  S,  6 through  12,  and  13 
through  1 5 of  fig.  9)  and  the  internal  capsule 
structure  portion  (member  16).  Each 
complete  shell  portion  was  directly  analyzed 
by  computer.  The  three  shell  portions  were 
then  joined  by  making  rings  3 and  12,  and  S 
and  1 3,  respectively,  compatible  with  respect 
to  radial  loads  and  deflections  at  four  equally 
spaced,  circumferential  points  (bolt  loca- 
tions). 

The  vehicle  utilized  an  entry  shield  made 
from  GEESM-10(X)  material.  This  is  an 
advanced  elastomeric  ablation  material  suit- 
able for  low  heat  flux.  It  has  a very  low 
modulus  of  elasticity;  thus,  small  stresses  are 
induced  in  the  material  by  temperature  gradi- 


ents. The  shield  material  was  bonded  to  a 
fiberglass  liner.  The  stiffness  of  the  elasto- 
meric heat  shield  was  negligible  compared 
with  that  of  the  liner.  Therefore,  its  effect 
was  not  included  in  the  structural  analysis 
although  its  effect  on  the  thermal  analysis  was 
considerable. 

As  shown  in  figure  9,  the  shell  stmcture 
was  broken  into  separate  pieces  where  it  was 
joined  to  a ring  or  where  a change  in  curva- 
ture occurred.  The  internal  structure  (mem- 
ber 16)  was  joined  to  the  capsule  ring 
(member  10)  by  using  compatibility  of  lateral 
and  longitudinal  loads  and  displacements  of 
the  cross  beams  and  the  ring  at  the  four  junc- 
ture locations. 

Joining  two  rings  of  dissimilar  materials 
with  a fou^point  attachment  results  in  high 
stresses.  Two  such  joints  existed:  one  between 
the  liner  and  the  capsule  (members  3 and  1 2) 
and  the  other  between  the  liner  and  the  thrust 
cone  (members  5 and  13).  Typical  stress-time 
relations  are  presented  in  f^re  10. 

5.  Instrumentation.  Vehicle  B was  instru- 
mented with  125  thermocouples  and  42 
active  strain  gauges.  The  instrumented 
Vehicle  B is  shown  in  figure  1 1. 

6.  Test  Conditions.  Three  separate  tests 
were  performed  on  Vehicle  B in  order  to  eval- 
uate the  induced  thermal  stresses  for  natural 
and  forced  convective  heating  methods.  The 
test  conditions  are  summarized  in  table  3. 


Figure  9.  Vehicle  B,  structural  model 
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Table  3.  VeMcle-B  Test  Condition  Summary 


Test 

No 

Canister 

Oven 

Fans 

Fan  inside 
Canister 

Fan  Inside 
Vehicle 

B-) 

Yes 

Yes 

Yes 

Yes 

B-2 

Yes 

Yes 

Yes 

No 

B-3 

Yes 

Yes 

No 

No 

The  vehicle  was  enclosed  within  the 
canister  that  had  been  fabricated  for  tests  A-3 
and  A-4  of  Vehicle  A.  As  in  the  Vehicle-A 
series  of  tests,  *hc  oven  temperature  was 
increased  from  70°  to  300°F  at  a constant 
rate  of  2°F  per  minute.  Steady-state  was 
defined  as  starting  when  the  coldest  compo- 
nent reached  300°F.  The  oven  air  tempera- 
ture was  lowered  at  the  rate  of  2°F  per 
minute  for  the  cool-down  portion  of  test  B-3. 
No  cool-down  data  were  taken  from  the  B-1 
and  B-2  tests. 

The  Vehicle-B  series  of  tests  did  not 
include  a 300°  F extended  soak  period  as  did 
the  Vehicle-A  series  because  the  optical 
alignment  test  was  run  on  Vehicle  B prior  to 
the  other  tests.  This  test  did  include  a 60-hour 
soak  at  300°F. 

7.  Test  Results.  Table  4 (ref.  3)  shows  a 
summary  of  the  test  results.  Similar  to 
Vehicle  A,  the  maximum  temperature 
difference  during  heat-up  occurred  for  each 
test  at  the  time  the  oven  air  reached  its 
maximum  of  300°  F.  Overall  heat-up  times  of 
6-1/4  hours  for  tests  B-1  and  B-2  were  some- 
what less  than  those  for  the  equivalent  A-1  (9 


Figure  10.  Stress-time  relations. 


hours)  and  A-2  (12  hours)  tests.  This  was  due 
to  the  smaller  thermal  mass  of  Vehicle  B and 
to  the  addition  of  the  canister.  For  the  A-1 
and  A-2  tests,  the  vehicle  had  been  exposed 
directly  to  the  oven  air  without  enclosure  in  a 
canister.  This  fact  also  accounts  for  the 
change  in  maximum  temperature  differences 
for  Vehicle  B.  The  maximum  temperature 
difference  in  a given  area  for  the  Vehicle-B 
heat-up  was  47°  F for  the  heat  shield  and 
thrust  cone  (test  B-2);  whereas  it  was  86° F 
foi  the  capsule  structure  of  Vehicle  A 
(test  A-2). 

Prior  to  testing,  thermal  and  structural 
analyses  were  performed  on  Vehicle  B. 
Typical  temperature-time  predictions  for  the 
transient  periods  are  shown  in  figures  1 2 and 
13  (ref.  4). 

It  may  be  noted  from  the  heating  curves 
that,  in  general,  the  heat-up  times  were 
predeted  to  be  longer  than  the  test  data 
showed.  Reasons  for  this  conservatism  n iy  be 
attributed  to  the  following; 

a.  Mass  distribution:  The  limited 
model  breakdown  used  for  these  predictions 
required  the  allocation  of  more  than  one  item 
to  a single  thermal  mass  even  though  the 
internal  heat-flow  paths  were  not  uniform. 
This  was  particularly  true  for  component  26, 
where  temperatures  were  predicted  on  the 
inside  but  heat  paths  from  the  outside  to  the 
inside  were  estimated. 


Rgure  II.  Instrumented  Vehicle  B,  aft  view. 
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s'  Table  4.  Summary  of  Transient  Temperatures  for  Vehicle  B 


Test  Conditions  Test 

Elements 

Maximum 
Temperature 
Difference,  AT 

Cf) 

Time  to  Reach 
Maximum  AT 
(hr) 

Time  to  Reach 
290*^F 
(hr) 

Time  to  Reach 
300“F 
(hr) 

Oven  Fan,  B-1 

Heat  Shield  and  Thrust  Cone 

42 

1-3/4 

4-1/2 

Canister  Fan, 

Capsule  Structure 

18 

2 

4-1/4 

Vehicle  Fan 

Components 

- 

- 

5-1/4 

6-1/4 

Oven  Fan,  B-2 

Heat  Shield  and  Thrust  Cone 

47 

2 

3-3/4 



Canister  Fan, 

Capsule  Structure 

20 

2 

3-3/4 

- 

No  Vehicle  Fan 

Components 

- 

- 

5-1/4 

6-1/4 

Oven  Fan,  B-3 

Heat  Shield  and  Thrust  Cone 

46 

2-1/4 

9 



No  Canister  Fan, 

Capsule  Structure 

20 

M/2 

9-1/4 

- 

No  Vehicle  Fan 

Components 

- 

- 

iai/4 

!2 

Oven  Fan,  B-3 

Heat  Shield  and  Thrust  Cone 

57 

3-1/2 

__ 

_ 

No  Canister  Fan,  Cool- 

Capsule  Structure 

26 

M/2 

— 

— 

No  Vehicle  Fan  Down 

Components 

- 

- 

b.  Convection  coefficients;  Alignment  Test 

Because  of  the  component  density  within  the 

vehicle,  areas  where  the  fan  could  be  located  Permanent  distortions  of  the  structure 

were  limited;  forced  convection  coefficients  due  to  thermal  environment  may  cause  major 

were  C'^timated.  Velocities  within  the  vehicle  problems  in  a spacecraft.  They  may  lead  to 

varied  locally  due  to  blockage  flow  distribu-  load  redistribution  within  structural  elements 

tion.  This  could  not  be  accounted  for  in  the  and  at  joints,  interferences  between  compo- 

k analysis  without  running  preliminary  tests.  nents  and/or  adjacent  structural  members, 

f Since  the  free  convection  mode  is  and  other  similar  occurrences.  Current  analyt- 

dependent  on  orientation,  dimensions,  and  ical  techniques  are  generally  adequate  to 

temperature  differences,  it  is  difficult  to  predict  such  large  effects.  These  effects  may 

predict  For  computation  purposes,  one  value,  be  alleviated  substantially  by  prooer  control 

an  assumed  average  for  the  capsule  or  canis-  of  design  materials  and  manufacturing 

ter,  was  used  in  spite  of  local  variations.  processes.  ^\side  from  the  gross  clearance 
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* problenis,  there  are  specific  areas  in  the  vehi- 
cle where  relatively  small  distortions  may  be 

I .  delrimental  to  the  mission.  Depending  upon 
the  particular  design,  it  may  be  possible  to 
■ correct  for  minor  distortion  by  mechanical 
adjustments,  but  distortion  due  to  thermal 
environment  may  be  difficult  to  identify  and 
to  correct. 

Depending  upon  the  type  of  guidance 
and  communications  systems  used  on  the 
spacecraft,  it  may  be  necessary  to  install  com- 
ponents, such  as  antennas,  nozzles,  and  gyros, 

* which  require  alignment  accuracies  within 
minutes  or  seconds  of  arc.  Because  the  vehicle 
is  inaccessible,  it  is  important  to  determine  to 
what  degree  permanent  thermal  distortions 
affect  the  individual  component  mountings 
and,  as  a result,  the  overall  vehicle  system 
design. 

Although  some  of  the  permanent  distor- 
tions due  to  thermal  sterilization  are  amena- 
ble to  analysis,  no  analytical  methods  exist  to 
predict  distortions  that  result  from  such 
factors  as: 

1.  Raw  mateiial  manufacture 

2.  Residual  stresses  resulting  from 
forming  of  detail  parts 

3.  Heat  treatment  history  of  detail 

parts 

4.  Stresses  caused  by  assembly  re- 
straints, such  as  welding  fixtures  and  riveting 
jigs 


5.  Joint  slippage  caused  by  differential 
thermal  expansion  of  mating  parts. 

After  careful  consideration  of  the  ther- 
mocouple and  strain  gauge  instrumentation 
planned  for  the  Vehicle-B  series  of  tests,  it 
was  concluded  that  the  accuracy  of  the 
measurements  would  not  be  sufficient  to 
detect  permanent  distortions  to  the  degree 
that  could  be  critical  for  alignment.  It  was 
therefore  decided  to  add  an  alignment  test  to 
the  Vehicle-B  test  series,  which  included 
optical  inspections  before  and  after  a 60-hour 
soak  at  300°F. 

Test  Procedure 

The  thrust  cone  and  aft  cover  were 
eliminated  from  Vehicle  B for  this  test  to  per- 
mit line-of-sight  access  before  and  after  the 
heating  cycle.  The  payload  capsule  and  com- 
ponents of  this  vehicle  had  not  been  previ- 
ously heated.  This  assured  that  residual 
stresses  had  not  been  previously  relieved. 

Eleven  surface  mirrors  with  an  optical 
flatness  tolerance  of  ±1  arc  second  were 
installed  on  the  vehicle,  as  shown  in  figure  14 
(ref.  5).  Mirrors  A and  L were  magnetically 
attached;  the  remaining  mirrors  were  bonded 
with  GE  RTV-102  silicone  adhesive.  The 
thickness  of  the  silicone  film  was  approxi- 
mately O.OOS  inch.  A photograph  of  the  align- 
ment test  setup  is  shown  in  figure  IS  (ref.  5). 
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Prior  to  the  heating  cycle,  an  alignment  check 
was  made  on  the  mirrors  by  using  a Brunson 
theodolite.  Mirror  A was  used  as  the  reference 
mirror,  and  the  angular  variations  (with 
respect  to  mirror  A)  of  the  other  ten  mirrors 
about  the  X-  and  Y-axes  were  recorded  by 
using  standard  techniques  of  autocollimation. 
The  Z-axis  is  the  longitudinal  axis  of  the  vehi- 
cle while  X and  Y are  lateral  axes;  X is  posi- 
tive to  the  right;  Y is  positive  upward  in 
figure  14. 

After  the  initial  alignment  readings  were 
taken,  the  oven  air  was  increased  at  the  rate 
of  2^F  per  minute  to  300“F.  The  vehicle  was 
soaked  at  that  temperature  for  60  hours 
following  attainment  of  thermal  equilibrium 
of  the  coldest  component.  The  oven  was  then 
cooled  to  room  temperature  at  the  rate  of 
2°F  per  minute.  After  cooling,  the  angular 
variations  of  all  the  mirrors  with  respect  to 
mirror  A were  again  measured. 


Results 

The  changes  in  angle  between  mirror  A 
and  the  other  mirrors,  before  and  after  heat- 
ing, taken  about  the  X-  and  Y-axes,  are  shown 
in  table  5 (ref.  5).  The  relative  distortion 
between  any  two  mirrors  can  be  obtained  by 
subtracting  their  corresponding  angular 
changes  about  a given  axis.  For  example:  The 
largest  relative  rotation  between  two  mirrors 
about  the  Y-axis  occurred  between  mirror  C 
(+17*49  ) and  mirror  F (-7*47").  The  relative 
angular  distortion  between  these  two  mirrors 
was  thus  equal  to  25*36'*. 

*The  maximum  rotation  about  the  X-axis 
occurred  between  mirrors  E and  F;  it  was 
equal  to  10*10".  *rhe  maximum  rotation 
about  the  Y-axis  occurred  between  mirrors  C 
and  F;  it  was  equal  to  25*36".  The  maximuni 
total  rotation  occurred  between  mirrors  C and 
F;  it  was  equal  to  25*40  *'.  Table  6 (ref.  5) 
shows  the  total  relative  rotation  between  any 
two  nurrors. 

This  test  brought  the  structural  disto^ 
tion  problem  into  its  proper  perspective;  how- 
ever, it  did  not  prove  that  permanent 
distortions  can  be  disr^arded.  Prior  to  this 


Tables.  Alignment  Test  Results 


Mirror 

Roti 

ition 

Location 

X-Axis 

Y-Axis 

A 

0 

0 

Aft  Shield  Ring 

8 

+ 22* 

- 117" 

Aft  Stiield  Ring 

G 

♦I7'49* 

Interim  Shield  Ring 
(Capsule  Attached) 

D 

+i’ir 

+ 3*29^* 

Aft  Capsule  Ring 

E 

- 2'17" 

Interim  Capsule  Ring 

F 

- r47" 

Component  30  (Cover) 

G 

+ r27" 

Component  26  (Base  Plate) 

•H 

+i'2r 

-30'24" 

Internal  Beaih  Structure 

J 

-rs3* 

- T34" 

Interna)  Beam  Structure 

K 

+S'28'’ 

f 2'3" 

Forward  Capsule  Ring 

••1 

-38" 

- 

Aft  Shield  Ring 

*Thit  mirror  wu  ditturbed  during  lUgimwnt. 


**Thii  minor  wu  iuulled  at  an  angle  nich  that  the 
Y-axii  reading  wu  outiide  the  range  of  the  theodolite. 

test,  the  degree  to  which  distortion  could 
affect  the  structure  was  not  known.  Estimates 
ranged  from  gross  visual  failures  to  the  other 
extreme  of  no  effect  at  all.  The  test  indicated 
that,  for  a vehicle  of  the  size  and  construction 
tested,  angular  distortions  due  to  the  tempera- 
ture cycle  are  in  the  order  of  arc  minutes.  The 
significance  of  this  conclusion  i"  of  impo^ 
tance  in  the  area  of  alignment-sensitive 
components. 

Structural-Joint  Study 

One  of  the  goals  of  this  study  was  the 
evaluation  of  structural  joints  that  occur  in  a 
typical  spacecraft. 

Some  joints  are  easily  recognized  as 
"structure”  while  others  are  less  easily  cate- 
gorized. For  the  former  types,  there  is  exten- 
sive literature  for  thermostructural  behavior. 
For  the  latter,  which  are  by  far  the  most 
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Table  6.  Total  Relative  Rotation  Between  Mirrors 


troublesome  from  an  analytical  standpoint, 
the  literature  is  much  less  extensive.  Because 
the  intent  of  this  study  was  to  determine  the 
behavior  of  structural  elements,  no  attempt 
has  been  made  to  identify  all  of  the  problems 
that  will  occur  in  the  “grey  areas.”  During  the 
course  of  the  study,  however,  it  became 
apparent  that  many  of  the  most  serious  prob- 
lems connected  with  spacecraft  sterilization 
vinll  be  in  these  grey  areas.  Accordin^y,  an 
awareness  of  the  totd  problem  has  been  indi- 
cated by  grouping  several  joints  in  a miscella- 
neous category. 

Figure  16  (ref.  6)  presents  a matrix  of 
typical  structural  joints  that  were  used  in  the 
evaluation. 

Discussion 

Because  joints  of  all  types  were  of 
interest,  involving  a range  of  manufacturing 
processes  and  procedures,  it  was  necessary  to 
group  joints  into  loose  categories.  The  most 
reasonable  classification  seems  to  be  grouping 
by  type,  as  shown  in  figure  16.  To  obtain  this 
summary,  a study  was  made  of  the  proposed 
configurations  for  Mariner  and  Voyager  plane- 
tary landers.  The  study  was  restricted  to  the 


lander  portion.  To  evaluate  current  joining 
techniques  for  space  vehicles,  it  was  necessary 
to  evaluate  drawings  from  other  programs. 

A joint  rating,  shown  in  table  7 (ref.  6), 
was  prepared  to  compare  various  joining  tech- 
niques in  order  of  preference  in  the  following 
areas: 

1 . Design 

2.  Stress  analysis 

3.  Thermal  analysis 

4.  Manufacturing 

5.  Reliability 

6.  Biophysics 

7.  Weight 

Thermal  Analysis  and  Design  of  Joints 

1.  Atmosphere.  Design  of  joints  for 
maximum  thermal  conductivity  is  generally 
not  required  for  sterilization  compatibility. 
These  analyses  indicate  that  steady-state  ste^ 
ilization  temperatures  can  be  reached  more 
rapidly  by  improving  convective  heating  than 
by  increasing  conduction  across  joints.  The 
following  conclusions  are  the  result  of  testing 
a wide  range  of  typical  spacecraft  structural 
joints. 
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figure  16.  Typical  spacecraft  structural  joints. 


a. 


^ interlace  conductance  mav 
vary  considerably  for  seemingly  identical 
specimens  manufactured  at  the  same  plant.  A 
similar  range  of  variation  is  found  in  identical 
j^ecimens  fabricated  under  extremely  careful 
laboratory  conditions. 

b.  Skin  thickness  has  some  effect 
on  retrace  conductance,  but  this  may  be 
obscured  by  manufacturing  variations. 

cl'  . ^°“«“ficant  effect  of  cleanli- 

fir' 

spei^n  has  a pronounced  effect  on  the 
mterface  conductance.  In  most  cases,  the 


interface  conductance  increases  with  in- 
creasing  rate  of  heat  flow,  but  this  trend  may 
be  obscured  unless  the  interface  pressure 

f u stringer  is  carefully  con- 

troiiea  by  such  means  as  screw  torque. 

. The  interface  conductance 
dually  increases  with  an  increase  in  torque  on 
the  screws  attaching  the  skin  to  the  stringer, 
out  there  can  be  exceptions. 

f.  In  specimens  with  a sandwich 
imten^  at  the  interface,  the  good  conductore 
give  high  interface-conductance  values,  but 
thickness  and  conduc- 
tivity of  the  sandwich  material  appear  to  be 
sigmficant. 
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Table  7.  Ratings  of  Joining  Techniques,  Structural  Joint  Study 


Category 

Rating 

Design 

Stress 

Analysis 

Thermal 

Analysis 

Manu- 

facturing 

Reliability 

Biophysics 

Weight 

1 

Riveted 

Bolted 

Fusion- 

Welded 

Riveted 

Bolted 

Fusion- 

Welded 

Fusion- 

Welded 

2 

bolted 

Riveted 

Brazed 

Bolted 

Riveted 

Seam- 

Welded 

Scam- 

Welded 

3 

Bonded 

Fusion- 

Welded 

Bonded 

Bonded 

Bonded 

Spotwelded 

Spotwelded 

4 

Fusion- 

Welded 

Bonded 

Bolted 

Fusion- 

Welded 

Fusion- 

Welded 

Riveted 

Riveted 

5 

Spotwelded 

Brazed 

Seam- 

Welded 

Resistance- 

Welded 

Spotwelded 

Bolted 

Bolted 

6 

Brazed 

Spotwelded 

Spotwelded 

Brazed 

Brazed 

Brazed 

Brazed 

7 

- 

- 

Riveted 

- 

- 

Bonded 

Bonded 

g.  In  specimens  of  various 
material  combinations,  the  lowest  interface- 
conductance  values  were  found  for  Inconel  X 
and  the  6ALr4V  titanium  alloy.  The  interface 
conductance  for  these  specimens  was  found 
to  be  comparable  with  that  of  a specimen  of 
aluminum  alloy  with  an  asbestos  sandwich 
material  at  the  interface. 

h.  The  type  of  connection  used 
between  skin  and  stringers  may  have  an  appre- 
ciable effect  on  the  interface  conductance. 
Interface<onductance  values  varying  by  as 
much  as  10  to  1 may  be  expected  at  the  same 
mean  interlace  temperature.  The  ratio 
between  the  highest  and  lowest  value  may  be 
as  great  as  25  to  1. 

i.  In  comparisons  of  the  effect 
of  types  of  connections  on  the  interface  con- 
ductance, alloy  steel  screws,  high  shear  i»ns, 
and  lock-bolts  give  the  hipest  values,  and 
blind  and  exploding  types  of  rivets  give  the 
lowest;  there  may,  h wever,  be  an  occasional 
exception. 

j.  Interface  conductance  does 
not  vary  with  the  length  of  time  between  tests. 


2.  Vacuurtu  The  results  of  joint  studies 
in  high  vacuum  revealed  the  following  major 
conclusions; 

a.  If  two  thin  sheets  of  metal  are 
bolted  together,  heat  transfer  from  one  sheet 
to  the  other  is  closely  concentrated  around 
the  bolt. 

b.  At  a given  heat-energy  load, 
the  temperature  drop  across  a bolted  joint 
decreases  rapidly  as  the  bolt  is  tightened  to  a 
minimum  torque  level.  Increasing  the  bolt 
load  above  this  level  does  not  increase  the 
temperature  drop  significantly. 

c.  The  insertion,  between  a 
flange  and  a mounting  base,  of  a soft  shim 
material  possessing  low  thermal  resistance  is 
of  little  practical  value  in  increasing  heat 
transj'er  efficiency  of  structural  joints  in  a 
conducting  gaseous  atmosphere. 

d.  The  temperature  distribution 
around  a bolt  holding  a flange  to  a heat  sink  is 
symmetrical.  The  temperature  drop  from  a 
thin  flange  to  a heat  sink  increases  abruptly  at 
a shor*  distance  from  the  perimeter  of  the 
bolthead  and  the  nut. 
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Summary  and  Conclusions 

The  conclusions  drawn  on  the  behavior 
of  structural  joints  and  assemblies  under 
thermal  environment  are  summarized  in  two 
groups:  ( 1 ) the  thennostructural  tests  and 
alignment  test  and  (2)  the  structural  joint 
study. 

The  tests  performed  on  a 2CD-pound 
earth  reentry  vehicle  and  the  structural  joint 
study  yielded  considerable  information  that 
may  be  used  in  the  design  of  spacecraft. 

Thermo  structural  Vehicle  Tests  and  Align- 
ment Test 

The  test  vehicle  was  subjected  to  a total 
of  eight  thermal  cycles  from  room  temper- 
ature to  300° F.  Three  of  these  tests  included 
300°F  temperature  soaks  of  9-hour,  60-hour, 
and  64-hour  duration,  respectively,  'fhe 
variable  of  these  tests  was  the  degree  of 
forced  convection. 

For  the  first  four  tests  (Vehicle-A  series), 
a dimensional  inspection  before  and  after  test- 
ing did  not  indicate  significant  structural  dis- 
tortion. The  transient  heating  and  cooling 
times  were  determined  by  measuring  the 
times  required  for  the  coldest  portion  of  the 
vehicle  to  reach  temperature.  An  optical  align- 
ment test  was  performed  on  the  fifth  test  to 
determine  the  magnitude  of  permanent  distor- 
tions that  might  affect  alignment-sensitive 
components  on  the  vehicle.  Ftior  to  the  final 
three  tests  (Vehicle-B  series),  temperatures 
and  stresses  at  critical  locations  on  the  test 
vehicle  were  calculated,  and  these  were  com- 
pared with  the  measured  values  at  the  conclu- 
sion of  the  tests. 

Thermal  analysis  predictions  for  a condi- 
tion B-4  indicated  that  temperature  gradients 
are  considerably  reduced  if  fans  are  installed 
within  the  vehicle  but  not  within  the  canister. 
This  condition  was  not  tested  during  this 
program,  but  it  should  be  tested  on  subse- 
quent programs  as  an  aid  in  determiriing  opti- 
mum heating  method:. 

These  test^  led  to  me  following  general 
conclusions: 


1 . The  heating  and  cooling  times  vary 
considerably  with  the  degree  of  forced  con- 
vection. During  the  Vehicle-A  test  series, 
these  transient  periods  varied  from  7 to  23 
hours,  depending  on  the  amount  of  air  circu- 
lation. 

2.  The  transient  periods  should  be 
shortened  as  much  as  possible  to  approach 
instantaneous  heating  and  cooling.  This  per- 
mits the  vehicle  and  components  to  be 
exposed  to  high  temperature  for  the  shortest 
period  of  time.  From  the  Vehicle-B  test  series, 
it  was  concluded  that,  for  most  locations,  the 
stresses  caused  by  temperature  'lifierences 
during  the  transient  period  were  considerably 
lower  than  those  caused  by  boost  or  flight 
loads  for  which  the  vehicle  would  be 
designed.  The  largest  thermally-induced 
stresses  occurred  at  steady-state  between  stiff- 
mating structural  elements  ol  different 
thermal  expansivities.  These  stresses  and  the 
stress  level  changes  in  preloaded  joints  must 
be  considered  in  any  design. 

3.  In  general,  electrical  components 
and  equipment  located  in  the  vehicle  will  take 
longer  to  heat  and  to  cool  than  the  structure. 
This  was  borne  out  during  these  tests.  To 
increase  the  heating  and  cooling  rates,  fans 
should  be  installed  in  the  vehicle  at  critical 
locations;  heat  paths  to  and  within  compo- 
nents should  be  optimized;  and,  in  some 
cases,  it  may  be  necessary  to  install  heaters 
within  the  components. 

4.  Structural  distortions  due  to  heat 
sterilization  are  minimal.  This  was  shown  in 
both  the  dimensional  and  optical  alignment 
tests.  Heat  sterilization  does  not  unduly  com- 
plicate the  mounting  of  alignment-sensitive 
components,  such  as  gyros,  antennas,  and  atti- 
tude control  nozzles,  on  the  vehicle.  The 
alignment  test  showed  that,  for  a vehicle  of 
the  type  tested,  the  distortion  caused  by  heat 
sterilization  is  in  the  order  of  arc  minutes. 

Stmctural  Joint  Study 

Concern  with  thermal  cycling  effects  on 
structural  and  mechanical  joints  leads  to  a 
general  study  of  the  problems  that  are  attrib- 
utable to  the  heat-sterilization  environment. 
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The  general  conclusion  that  can  be  drawn  is 
that  the  selection,  design,  and  fabrication  of 
joints  to  withstand  the  thermal  cycling  envi- 
ronment do  not  present  any  unique  or  limit- 
ing problems  that  could  interfere  with  a 
successful  spacecraft  program.  The  major 
points  supporting  this  conclusion  may  be 
briefly  summarized: 

1 . It  is  not  practical  to  make  all  joints 
of  a typical  spacecraft  under  biologically  con- 
trolled (clean-room)  conditions. 

2.  No  types  of  joints  or  joining 
processes  can  be  eliminated  solely  on  the  basis 
of  incompatibility  with  thermal  sterilization 
requirements. 

3.  Structural  design  of  joints  that 
require  thermal  sterilization  does  not  require 
new  techniques  or  methods. 

4.  With  very  few  exceptions,  design  of 
joints  for  maximum  thermal  conductivity  is 
not  required  for  thermal  sterilization  com- 
patibility. 

5.  A number  of  specific  types  of 
fasteners  must  be  eliminated  because  they  are 
not  compatible  with  the  thermal  sterilization 
cycle. 

6.  Joining  processes  for  use  within  a 
clean  room  require  special  development  and 
special  monitoring. 

7.  Reliability  may  be  improved  by 
application  of  clean-room  techniques  and 
procedures. 
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Structural  Design  for  Large  Space  Telescopes 

Bailey  W.  Jackson 
KoUsman  /nstruntt  i«  Corporation 


Introduction 

The  structural  problems  encountered  in 
designing  and  building  large  ground-based 
telescopes  have  been  well-defined  in  the 
building  of  over  47  such  telescopes  having 
apertures  of  36  inches  or  more.  The  structural 
engineering  required  in  designing  apertures  of 
this  size  has  a great  impact  on  whether  the 
telescope  performance  will  approach  the 
theoretical  resolution  limits  at  all  pointing 
angles.  The  experience  and  approaches  taken 
by  earlier  designers  of  large  telescop<«  can  be 
v^uabte  in  defining  the  requirements  for 
larger  and  more  accurate  instruments. 

The  experience  factors  for  large  space- 
qualified  telescopes  are  not  so  readily  avail- 
able noi  so  numerous.  The  problem  factor  has 
increased  because  problems  common  to 
ground-based  telescopes  are  assuming  a 
greater  magnitude  in  the  space  application.  A 
few  such  problems  are:  thermal  stabilization 
and  temperature  gradients,  structural  integrity 
through  launch  environment,  maintenance  of 
reflective  surfaces,  focusing  and  alignment, 
and  the  like. 

lire  Goddard  Experiment  Package  (GEP) 
is  an  instrument  that  is  scheduled  for  flight  on 
the  next  Orbital  Astronomical  Observatory 
(OAO-B).  Figure  1 shows  the  GEP  in  its  finid 
stages  of  assembly  at  KolUman.  It  has  been 
spaceKiualified  and,  at  the  present  time,  is 
being  calibrated  and  integrated  with  the 
spacecraft  at  Goddard  Space  Flight  Center 
(GSFC).  The  GEP  has  an  f/S,  38-inch  dian>- 
eter,  Ritchey  Chretien  form  of  Cassegrain 
telescope;  it  is  used  as  a collector  for  an 
Ebert-Fastie  type  of  spectrometer  (fig.  2). 
The  GET  has  the  capability  of  collecting 


energy  from  point  or  extended  objects  in  the 
1000-to4000-angstrom  range  with  a spectral 
resolution  of  2 angstroms.  The  GEP  guidance 
system  provides  line-pointing  error  signals  to 
the  spacecraft  with  an  accuracy  of  0 1 arc 
second  from  a first  n>agnil”de  star.  Fig..re  3 
shows  the  optical  layout  of  tiie  GEP. 


Figure  Z GEF  optical  aaembty. 
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The  optical  structure  assembly  provides 
the  container  and  support  for  all  parts  of  the 
GHP  and  maintains  correct  alignment  and 
spacing  of  these  components  throughout 
launch  and  orbital  environments.  Most  critical 
is  the  support  for  the  optical  elements 
because  of  the  sensitivity  of  those  elements  to 
dimensional  changes  or  strains.  Figure  4 is  a 
cutaway  view  of  the  optical  structure.  The 
structure  can  be  considered  as  a composite  of 
three  sections:  the  forward  portion  is  the  tele- 
scope section;  the  middle  is  the  main  casting; 
<he  aft  portion  is  the  spectrometer  section. 
The  main  casting  provides  attachment  points 
to  the  spacecraft. 

Design  Philosophy 

The  structural  design  criteria,  used  to 
obtain  the  requiied  optical  performance, 
dictated  that  all  allowable  stress  must  be 
below  the  precision  elastic  limit  when  the 
anticipated  launch  loads  are  applied.  (There 
has  been  considerable  work  performed  to  date 
in  establishing  the  precision  elastic  limit  of 
most  s.ructural  materials.)  Load  factors  were 


calculated  for  each  hung  mass,  which  took 
into  account  the  beam  mode  shape  (assuming 
the  telescof  '.  tube  as  a beam),  transmissi- 
bility,  damping  spring  constants  (El),  etc.  For 
these  load  factors,  a safety  factor  of  1.5  was 
applied,  and,  in  the  case  of  joints,  a safety 
factor  of  2.0  was  used.  Many  iterations  of 
paper  designs  were  m?*de  to  shift  some  local 
resonances  by  changing  wall  thicknesses  or 
configurations. 


f^vrure  4.  GEP  structure. 


STRUCTURAL  DESIGN  FOR  LARGE  SPACE  TELESCOPES 


35.} 


%■ 


Mirror  Support  Structures 

The  allovvable  weight  of  the  GEP  was  to 
be  900  pounds,  which  included  intercon- 
necting cables  to  the  spacecraft  and  any 
counterbalancing  weights  that  would  have  to 
be  added  to  the  spacecraft.  A further  require- 
ment was  that  the  GEP  was  to  be  completely 
ground-tested,  thus  the  optical  system  also 
had  to  perform  satisfactorily  in  a one-g  field. 
If  the  primary  mirror  were  glass  and  con- 
structed by  the  classical  seat-of-the-pants 
diameter  to  a thickness  ratio  of  6:1,  the 
mirror  alone  would  weigh  some  600  pounds. 

Many  materials  and  configurations  were 
evaluated;  a thin  beryllium  mirror  seemed 
best  for  this  application.  The  thickness  was  to 
be  evaluated  so  that  its  figure  would  not 
change  significantly  when  going  from  a one-g 
field  to  a zero-g  field,  thereby  degrading  the 
telescope  performance. 

Equations  were  written  to  determine  the 
change  in  the  elastic  curve  of  a mirror  under 
its  own  weight  and  mounted  on  three  points 
at  a selected  radius  in  the  horizontal  orien- 
tation (fig.  5).  The  results  were  then  applied 
to  the  mirrored  surface  and  ray-traced  with 
the  telescope  to  predict  and  to  compare  the 
performances  in  one-g  and  zero-g  fields.  The 
following  method  was  used  to  determine 
these  equations. 


Determine  the  equation  for  the  radial 
elastic  curve  of  a circular  flat  plate,  with  a 
central  hole,  simply  supported,  in  a one-g 
field.  Refer  to  figure  6,  an^ 

1.  Solve  for  the  elastic  curve  on  an 
edge-suppo v^ed  plate  with  a central  hole 
under  a u "'iform  load  (q). 

2.  Solve  for  the  elastic  curve  on  an 
edge-supported  plate  with  a central  hole 
under  an  annular  shear  load. 

3.  Choose  the  load  in  Step  2 so  that  it 
ib  equal  and  opposite  to  the  load  in  Step  1 in 
order  that  supports  will  be  free-ended  when  1 
and  2 are  summed. 

4.  Relate  deflections,  W,  to  new  sup- 
port, C,  by  setting  W = 0 when  r = C. 
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Figure  6.  Mirror  design;  flat  plate  theory. 
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Rg!4re  5.  GEP  primary  miiror  mount. 


Primary  Mirror  Mount 

The  primary  mirror  is  mounted  on  three 
bars  (identified  as  tangent  bars)  which,  in 
turn,  are  attached  to  the  primary  mirror 
mounting  cell  (shown  in  fig.  5).  The  tangent 
bars  are  1/4  inch  by  2*1/4  inches  by  15-1/4 
inches.  The  1 /4-inch  dimension  is  in  the  radial 
direction  and  practically  eliminates  any  radial 
Ic  ds  being  transmitted  to  the  mirror  as  a 
result  of  differential  expansion  between  the 
mirror  and  its  aluminum  cell.  There  are  no 
adjustments  provided  for  mounting  or 
aligning  the  primary  mirror.  Close  control  of 
tolerances  for  the  tangent  bars  and  then- 
mountings  insure  proper  alignment  of  the 
optical  axis  to  the  mechanical  axis. 
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Secondary  Mirror  Mount 

The  i^econdary  mirror  (figs.  7 and  8)  is 
mounted  on  the  focus  drive  mechanism.  It  is 
supported  on  the  mechanism  by  means  of 
three  hermetically  sealed  ball  splines.  These 
splines  are  driven  longitudinally  by  the  focus 
mechanism  in  response  to  focus-adjust  com- 
mands from  the  ground  station.  This,  in  turn, 
varies  the  longitudinal  position  of  the  secon- 
dary mirror  and,  consequently,  adjusts  the 
telescope  focus. 


Figure  7.  GbP secondary  mirror  mount. 

VANE 


Figures,  Vane-momtbtgdetaiL 


The  housing  of  the  focus  mechanism  is 
supported  by  four  thin  aluminum  vanes, 
which  are  bolted  throu^  insulated  bushings 
to  the  forward  ring  casting  of  the  telescope 
tube  (fig.  8).  The  vane-mounting  bolts  provide 
the  adjusment  for  centering  the  secondary 
mirror  on  the  GEP  optical  axis.  This  is  accom- 
plished by  relaxing  the  bolts  retaining  one 
vane  and  tightening  the  bolts  retaining  the 
opposite  vane.  After  the  centering  adjust- 
ment, the  vane-mounting  bolts  are  torqued  in 
order  to  prestress  the  vanes  and  telescope 
tube,  thereby  insuring  accurate  mirror  align- 
ment throughout  and  after  the  launch 
environment 

Three  kinematic  adjustments  are  also 
provided  on  the  focus  mechanism.  These 
adjustments  are  used  during  assembly  to 
remove  mirror  tilt  and  to  establish  the  initial 
longitudinal  position. 

Spectrometer  Mirror  Mount 

The  spectrometer  mirror  (fig.  9)  is 
mounted  to  the  rear  casting  of  the  spectrom- 
eter tube  by  means  of  three  targent-bar 
assemblies.  The  tangent  bars  minimize  strains 
in  the  radial  direction  caused  by  differential 
expansion  between  the  mirror  and  its  support. 

The  spectrometer  mirror  adjustments 
provide  two  degrees  of  freedom:  translation 
and  tilt.  Translation  along  the  optical  axis  is 


Figure  9.  GEP  spectrometer  mirror  mount. 
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provided  by  screws  on  each  tangent-bar 
assembly.  The  screws  have  ball  and  socket 
attachments  to  the  mirror  to  eliminate 
moments  being  introduced  to  the  mirror  from 
tilt  adjustments.  The  centering  of  the  mirror 
was  established  by  careful  tolerance  control  in 
the  design  of  the  structure. 

Telescope  Tube  Construction 

The  structural  tube  that  supports  the 
secondary  mirror  assembly  can  be  best  dis- 
cussed after  examining  the  parameters  that 
influenced  its  design.  The  GEP  optical  unit  is 
mounted  in  a 48-inch-diameter  well  in  the 
spacecraft.  The  spaceoiaft  thermal  profile  at 
the  time  of  the  GEP  design  had  a longitudinal 
gradient  of  10°  to  25°F  and  a circumferential 
gradient  of  5°  to  10°F.  The  gradients  varied 
with  the  pointing  angle  relative  to  the  earth’s 
sunline.  The  maximum  permissible  heat  loss 
to  space  by  the  GEP  was  to  be  28  BTlTs  per 
hour.  If  the  telescope  tube  were  thermally 


coupled  to  the  well  of  the  spacecraft,  there 
would  be  disastrous  effects  on  the  telescope 
performance;  therefore,  thermal  insulation 
was  provided.  The  NRC-2  insulation,  shown 
schematically  in  figure  10,  isolates  the  tube 
from  both  space  and  the  spacecraft. 

In  order  to  compensate  for  a variation  of 
average  temperature,  it  was  postulated  that,  if 
a theoretical  telescope  could  be  built  with 
everything  having  the  same  coefficient  of 
expansion,  the  performance  would  be  just  as 
good  at  any  average  equilibrium  temperature. 
The  materials,  however,  were  not  all  the  same 
since  a beryllium  primary  mirror  and  a quartz 
secondary  mirror  are  used.  Thus,  in  order  to 
obtain  an  athermaUzed  design,  aluminum  and 
titaniuni  were  selected  for  the  structural  tube 
materials.  Then  lengths  were  computed  so 
that  the  coefficients  of  expansion  of  the 
materials  maintained  the  focal  plane  in 
position  by  changing  the  tube  length  appro- 
priately with  the  change  in  curvature  of  the 
optical  elements  as  a function  of  temperature. 


jm  thick  ML4V  TITAMIUM  J>t4  THICK  MYLAK  MANDHtL 


Figure  10.  Construction  details  of  GEP  optical  structure. 
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This  is  shown  in  figure  10,  a detailed  view  of 
telescope  tube  construction.  The  aluminum 
sheath  shown  has  the  effect  of  a thermal 
shunt  providing  some  h?at  to  the  forward  ring 
assembly  and  has  a tendency  to  smooth  out 
residual  circumferential  gradients. 

Testing 

Kollsman  Instrument  Corporation  per- 
formed qualification-level  sine  and 
acceptance-level  random  vibration  testing  in- 
house  as  part  of  the  engineering  evaluation  of 
The  GEP.  Accelerometers  were  placed  at  stra- 
tegic points  for  evaluation  of  all  critical 
points.  Figure  1 1 shows  the  X-axis  excitation. 
Figure  1 2 shows  the  Y-axis  and  Z-axis  excita- 
tion. Figure  13  shows  the  GEP  on  a 20-foot 
boom,  used  to  simulate  11.5-g  steady-state 
acceleration.  After  completion  of  testing,  the 
optical  performance  was  evaluated,  and  the 
GEP  disassembled  for  part  inspection,  clean- 
ing, and  recoating  of  the  optical  surfaces.  The 
results  of  the  evaluation  showed  some  de- 
focusing  and  an  image  shift  in  the  focal  plane 
of  about  40  arc  seconds.  Some  of  the  bush- 
ings that  were  used  as  thermal  insulators  for 
the  inner  mandrel  of  the  telescope  were 
cracked.  The  image  shift  was  traced  to  scoring 
of  the  three  kinematic  adjustment  screws  that 


are  used  to  support  the  secondary  focusirg 
drive  mechanism.  The  adjustment  screws  and 
the  bushings  were  redesigned  as  a result  of 
these  tests. 

The  prototype  GEP  was  rebuilt  and  sent 
to  Goddard  Space  Flight  Center,  where  it  was 
married  with  a prototype  spacecraft  for 
acceptance-level  sine  and  qualification-level 
random  vibration  tests.  A performance  evalu- 
ation after  these  tests  revealed  that  everything 
was  satisfactory. 

Additional  problems  arose  from  the 
thermal-vacuum  test.  Heat  exchange  between 
the  GEP  and  the  spacecraft  was  estimated  to 
be  over  100  BTlTs  per  hour  instead  of  28 
BTlfs  per  hour.  A few  of  the  action  items 


Figure  11.  Vibration  testing  of  GEP;  X-axis. 


Figure  13.  Acederation  testing  of  GEP. 
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resulting  from  the  first  thermal  test  on  the 
prototype  were: 

1.  Heat  losses  through  the  support 
screws  on  the  inner  mandrel  accounted  for  a 
large  percentage  of  the  loss.  The  mandrel 
itself  was  acting  as  a fin  for  the  screws; 
hence,  the  mandrel  material  was  changed 
from  titanium  to  mylar  to  reduce  conduction. 
The  color  was  changed  from  black  to  the 
natural  white  of  the  dull  side  of  mylar.  (The 
changing  from  black  to  white  in  the  mandrel 
required  considerable  testing  for  scattered 
light) 

2.  The  secondary  mirror  . id  vane  were 
originally  insulated  from  the  forward  ring  in 
order  not  to  reduce  the  ring  temperature 
excessively.  It  was  learned  from  the  test  that 
the  vane  assembly  was  insulated  too  well  and 
the  secondary  and  drive  assembly  tried  to 
reach  the  cold  plate  temperature.  The  correc- 
tion was  to  increase  the  secondary  mirror 
insulation  from  10  layers  to  25  layers  of  NRC 
and  to  install  a 4-watt  heater  in  the  secondary 
mechanism  assembly. 


3.  The  205-node  mathematical  model 
of  the  GEP  did  not  predict  some  of  the  results 
that  were  found  in  the  test.  As  a result,  a 
comparison  of  inputs  and  assumptions  had  to 
be  correlated  between  the  two.  It  should  be 
noted,  however,  that  approximately  95  per- 
cent of  the  test  results  were  in  close  agree- 
mtmt  with  predicted  temperatures. 

4.  Further  analysis  showed  28  BTU’s 
per  hour  to  be  unrealistic.  The  GEP  heat  loss 
allowance  was  revised  to  a more  realistic  limit 
of  55  BTlTs  per  hour. 

Conclusions 

The  preceding  information  outlined  only 
the  highlights  of  the  structural  concepts 
learned  from  our  experience  with  earth-bound 
telescopes  and  with  space  telescopes.  Appli- 
cation of  the  lessons  horn  these  experiences 
and  continuing  innovation  will  enable  future 
space  telescopes  of  larger  diameter  and  in- 
creased performance  requirements  to  be 
designed  with  confidence. 
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Thermal  Design  of  a Satellite  Telescope 
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Introduction 

Thermal  design  requirements  have 
always  had  a considerable  impact  on  the 
design  of  astronomy  vehicles;  however,  with 
the  advent  of  large  telescopes  with  precise 
pointing  requirements,  the  influence  of 
thermal  design  is  even  more  pronounced.  The 
present  state-of-the-art  in  thermal  control,  the 
advanced  techniques  to  be  used  on  large 
astronomy  vehicles,  smd  the  desigp  consider- 
ations generic  to  advanced  spacecraft  are 
reviewed  in  this  paper.  The  thermal-control 
techniques  presently  used  are  reviewed 
through  a discussion  of  the  Grumman 
Orbiting  Astronomical  Observatory  (OAO). 
The  general  thermal  design  and  performance 
of  the  OAO  passive/active  control  system  are 
presented  along  with  analytical,  test,  and 
flight  data.  Candidate  thermal-control  tech- 
niques for  advanced  spacecraft  are  reviewed 
with  particular  emphasis  given  to  heat  pipes, 
louvers,  insulations,  and  coatings.  Design 
concepts  for  the  advanced  OAO  #3  and  #4 
satellites  are  included. 

There  are  several  design  problems,  which 
by  their  general  nature,  wiU  be  generic  to 
almost  all  advanced  astronomy  vehicles.  These 
areas  include  possible  Integration  of  man  and 
operation  in  proximity  to  a large  space  station 
or  space  base.  Each  of  these  topics  is  dis- 
cussed as  to  its  impact  on  vehicle  design  and 
the  type  of  thermal  control  system  needed. 

Present  State-of-l.-e-Art 

Successfully  launched  December  7, 
1968,  the  OAO  A-2  spaceci-aft  is  the  fore- 
runner of  large  astronomy  vehicles  designed 


to  help  astronomers  learn  more  about  the 
evolution  and  structure  of  the  universe. 
Passive  and  active  temperature  control  are  the 
two  principal  methods  of  thermal  control 
used  in  the  A-2  spacecraft.  Passive  tempera- 
ture control  is  achieved  with  thermal  coatings, 
NRC-2  superinsulation,  and  conductive-path 
control.  In  the  active  system,  louvers  and 
thermostat-controlled  electrical  heaters  are 
used. 

The  primary  objectives  of  the  OAO 
thermal  control  system  are  to  provide  precise 
temperature  control  for  the  Smithsonian 
Astrophysical  Observatory  (SAO),  Wisconsin 
University  experiment  package  (WEP),  the 
structure,  and  the  spacecraft  electronic  equip- 
ment. How  these  objectives  and  the  operation 
of  the  thermal-control  system  are  achieved  in 
the  A-2  spacecraft  and  a presentation  of 
analytical,  test,  and  flight  data  are  included  in 
this  discussion. 


External  Thermal  Environment 

The  OAO  is  designed  to  be  launched  into 
a circular  500-mile  orbit  with  a period  of 
101  minutes.  It  is  capable  of  being  oriented  to 
any  star  for  a matter  of  minutes  or  days 
during  an  estimated  lifetime  of  one  year. 
Ehiring  this  time,  the  spacecraft  will  be  in 
sunlight  from  65  to  83  percent  of  the  time, 
corresponding  to  orbital  planes  of  0”  and 
58.45’  to  the  ecliptic. 

The  solar  constant  is  assumed  to  be  440 
BTU/hr  ft’  with  a yearly  average  earth-albedo 
rate  of  35  percent  of  the  sun’s  energy.  Earth 
radiation  is  taken  as  that  from  a -lO’F  black- 
1k  'ly  so’jrce.  Transient  flat-plate  calculations 
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have  b^rkm‘^e<^;(^cUng(^  (ft||^rientation 
whUe  sp^cecrafl'^rWts  the^eajntlTTrTOitbese 
are  derived  average  orbital  heat  fluxes  owing 
to  solar,  albedo,  and  earth  radiation.  Since  the 
OAO  structure  and  equipment  masses  are 
large,  transient  heat  fluxes  are  required  only 
in  determining  temperatures  of  the  skin,  solar 
paddles,  sunshade,  and  external  fittings. 

The  sun  spectrum  is  assumed  to  be  a 
10,200°F  blackbody  when  integrating 
spectral  reflectance  measurements  of  uiate- 
rials  to  determine  their  absorptance  of  solar 
radiation.  These  same  values  of  absorptance 
are  used  when  calculating  heat  fluxes  due  to 
albedo  radiation.  Because  the  telescopes 
operate  in  the  deep  ultraviolet  region  of  the 
spectrum  (1100  and  3000  angstroms),  low 
outgassing  materials  must  be  used  throughout 
the  satellite  to  prevent  contamination  of  the 
mirror  surfaces. 

Description  of  Spacecraft 

As  shown  in  figure  1,  the  satellite  is  an 
octahedron,  80  inches  across  the  flats  and 
1 18  inches  long.  Solar  paddles  extend  perpen- 
dicularly from  sides  C and  G at  an  angle  of  33 
degrees  to  the  central  axis.  A cylindrical  hole 
the  full  length  of  the  spacecraft  and  48  inches 
in  diameter  accommodates  the  primary  tele- 
scope system.  Sunshades  are  provided  at  the 
optical  openings  to  prevent  sun  impingement 
inside  the  telescope  cavity  when  it  is  oriented 
to  a star. 


Internally,  aluminum  trusses  a.nd  shelves 
are  integrally  connected  to  the  48-inch- 
diameter  structural  tube  and  form  48  trun- 
cated bays,  as  seen  in  figure  2.  These  bays 
house  the  electronic  equipment,  which  is 
mounted  to  hinged  honeycomb  panels.  The 


Figure  2.  OAO  A-2  spacecraft. 


Figure  1.  Diagrammatic  /presentation  ofoH>iting  astronomical  observatory. 
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panels  swing  outboard  to  permit  access  to  the 
equipment  and  wiring  installed  in  the  space- 
craft. Ten-mil,  polished,  aluminum  skins 
(Alcoa  Alzak)  protect  the  equipment  and  are 
used  as  both  a thermal  dan:per  to  incident 
radiation  and  u heat  radiator.  The  skins  are 
thennally  isolated  from  the  structure  by 
nylon  insulators. 

During  slewing  maneuvers,  the  satellite 
can  revolve  about  any  of  its  three  axes.  When 
positioned  to  a star,  it  is  roll-oriented  so  that 
the  earth-sun  line  is  always  parallel  to  the  C 
and  G skins  (fig.  1).  This  position  allows 
maximum  solar-paddle  output  and  provides 
the  OAO  with  a set  of  stable  temperature 
skins  that  are  used  as  symmetrical  radiators  to 
cool  the  spacecraft  structure. 

Electronic  Equipment  Thermal  Control 

Each  bay  in  the  spacecraft  except 
Bays  1,  2,  and  6 of  the  C side  and  Bays  1,  2, 
5,  and  6 of  the  G side  are  available  for  elec- 
tronic equipment.  These  C and  G sides  are 
used  as  a valve  to  control  spacecraft  temper- 
ature. Electronic  equipment  is  located  in  31 


bays;  seven  bays  are  used  to  house  external 
trackers.  The  packages  are  sized  for  the  bay 
dimensions  and,  if  small,  are  tied  with  other 
boxes  to  insure  a high  thermal  inertia.  In 
general,  the  boxes  are  bolted  to  honeycomb 
panels  that  are  positioned  parallel  to  the  ex- 
ternal skins  and  approximately  two  inches 
away.  A silicone  rubber  compound,  RTV-40 
and  25-percent  alumina,  is  used  to  provide 
good  thermal  contact  between  box  and 
honeycomb  panel.  The  honeycomb  panel  is 
hinged  from  the  structure  on  fiberglass 
mounts  so  that  the  honeycomb  with  the 
equipment  can  be  swung  outward  for  easy 
access  after  installation. 

Figure  3 is  a schematic  diagram  of  a 
typical  equipment  bay.  The  structure  tube 
and  shelves  are  insulated  with  25  layers  of 
NRC-2  insulation,  aluminized  on  one  side. 
The  external  skins  are  ten  mils  thick  with  an 
Alzak  finish  on  the  outside  and  black  epoxy- 
paint finish  on  the  inside.  Alzak  has  a nominal 
solar  absorptance  (c^)  equal  to  0.15  and  a 
nominal  infrared  emittance  (e)  equal  to  0.75. 
The  black  paint  has  a nominal  infrared  emit- 
tance equal  to  0.87. 


Figure  3.  Typical  equipment  bay  on  OAO. 
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The  thermal  control  of  the  electronic 
equipment  is  achieved  primarily  by  a passive 
design  approach.  Each  box  is  designed  to 
conduct  and  to  radiate  all  its  heat  to  the  heat- 
sink surface,  which  is  niounted  to  the  honey- 
comb panel.  The  heat  is  then  conducted 
through  the  honeycomb  panel,  which  radiates 
tip;  heat  to  the  external  skin.  The  external 
skin  subsequently  radiates  this  heat  to  space. 
The  radiation  coupling  between  the  honey- 
comb panel  and  the  skin  acts  like  a valve  and 
is  used  to  control  equipment  to  desired 
temperatures. 

Active  control  in  the  form  of 
thermostat-controlled  heaters  mounted  on  the 
honeycomb  panels  is  used  when  minimum 
design  temperatures  cannot  be  maintained  in 
a passive  manner.  To  minimize  the  impact  of 
heater  power  on  the  power  supply  subsystem, 
additional  active  control  in  the  form  of 
louvers  mounted  to  the  honeycomb  panel  is 
employed  when  significant  power  savings  can 
be  achieved.  A typical  louver  installation  is 
shown  in  figure  4.  The  louvers  are  closed 
during  cold  conditions,  thus  reducing  the  radi- 
ative couplmg  from  heat  sink  to  skin.  Open 
louvers  raise  the  coupling  during  hig*.  temper- 
ature conditions. 

Results  of  a parametric  study  on  Bay  B-5 
arc  presented  in  flgure  5,  which  can  be  used 
to  illustrate  the  heater  power  saved  when  a 
louver  is  installed.  The  radiation  (AF) 
coupling  between  honeycomb  and  skin  is 
plotted  on  the  abscissa  .'.nd  heat  sink  temper- 


Figure  4.  Typical  louver  installation,  useiJ  for  addi- 
tk>nal,  active  thermal  control 


ature  on  the  ordinate.  The  Bay  B-5  equipment 
dissipation  varies  between  1.1  and  28.3  watts. 
The  acceptance  temperature  limits  for  the 
heat  sink  are  0°  to  130°F.  For  an  AF  value  of 
1.24  ft^,  figures  indicates  that  total  equip- 
ment and  heater  power  dissipation  of  14.0 
watts  is  required  to  maintain  a 0°F  heat  sink 
for  the  cold  case.  A louver  will  lower  the  AF 
to  0.44,  thus  reducing  power  dissipation 
requirements  to  seven  watts.  A louver  in- 
stalled on  this  heat  sink  panel  will  save  seven 
watts  of  heater  power  during  cold  conditions. 

Structure  Temperature  Control 


The  thermal  design  of  the  O.AO  structure 
must  meet  two  principal  criteria.  First,  the 
temperature  gradient  of  the  internal  structure 
is  determined  by  the  maximum  allowable 
distortion  of  the  structure.  Second,  the 
experimental  package  and  the  internal  struc- 
ture must  be  maintained  at  the  equilibrium 
temperature  levels  acceptable  to  the  experi- 
menters. The  telescopes  of  the  A-2  spacecraft 
are  thermally  coupled  to  the  structure  and 
insulated  from  space.  Therefore,  the  tele- 
scopes, if  properly  insulated,  will  run  within  a 
few  degrees  of  the  mean  structure 
temperature. 

Structure  temperature  control,  as  illus- 
trated in  flgure  6,  is  achieved  with  thermal 
coatings,  NRC-2  superinsulatii>n,  and 
conductive  path  control.  The  spacecraft  struc- 
ture is  fabricated  out  of  chem-milled  alumi- 
num alloy,  which  has  a h''gl.  coefficient  of 
thermal  conductivity.  To  isolate  the  structure 
thermally  from  heat  sinks  and  sources,  stain- 
less steel,  nylon,  and  fiberglass  are  used  as 
connecting  members,  thereby  minimizing  heat 
conduction  to  and  from  the  structure. 

NRC-2  insulation  is  wrapped  around 
various  members  to  control  radiant  heat 
transfer.  Decreasing  insulation  U;twe«‘n  the 
electronic  equipment  and  the  structure  in- 
creases the  structural  equilibrium  tempera- 
ture. Thus,  the  various  insulators  control  the 
influx  of  heat  from  various  sources  to  the 
structure. 
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C Skin  Equip?; lent  Torus 


Figure  6.  Structure  temperature  control  of  OAO. 


The  primary  source  of  heat  to  the  struc- 
ture is  from  the  equipment.  Ten  to  20  percent 
of  the  heat  dissipated  by  the  equipment  is 
radiated  and  conducted  to  the  structure.  The 
structure  reject;  heat  to  two  primary  sinks; 

J,  Thermally  stable  skins  C-1 , C-2,  C-6, 
G-l.G-2,  G-5,andG-6 

2.  The  experiment  container. 

Secondary  paths  of  heat  rejection  by  the 
structure  are  to  the  nonequipment  bay  skins 
of  sides  A,  B,  D,  E,  F,  and  H and  to  the 
forward  and  aft  end  skins,  all  of  which  are 
insulated  with  NRC-2  insulation.  These 
secondary  sinks  account  for  approxunately 
10  percent  or  Ics.*  of  the  total  heat  rejected  by 
the  structure.  The  heat  rejection  of  the  stnsc- 
ture  to  the  C and  G skins  is  controllable  and  is 
the“valvc”in  the  thermal  design  of  the  OAO. 
Variation  of  coatings  and  insulation  in  these 
bays  is  used  to  obtain  the  opera^jnal  struc- 
ture temperature. 

E::periment  Temperature  Control 

The  experiment  package  comprises  the 
primary  telescope  system  pius  as'  oc'ated  elec- 
tronic equipment.  All  e!ectrc:;i.'  equipment 
that  is  not  required  to  be  within  .ce  telescope 


envelope  is  stored  in  Bays  E-4  and  E-5  and  is 
handled  in  the  same  mar.  as  other  space- 
craft electronic  equipment.  Any  type  of 
optical  tek-scope  may  be  housed  within  the 
40-inch-diameter  container  Interior  surfaces 
of  the  telescope  and  the  sunshade  are  painted 
black  in  ord.;r  to  prevent  incident  caith- 
albedo  reflections  from  washing  out  ihe  star 
image  on  the  detector. 

In  order  to  achieve  ther  .iai  stability,  the 
telescope  is  insulated  from  open-end  radiation 
io  space  and  is  thermally  linked  to  the  space- 
craft via  conduction  through  four  aluminum 
lugs  and  via  radiation  between  the  40-inch 
container  and  the  OAO  48-inch  tube.  The 
spacecraft  structure  is  desigiied  to  provide  the 
desired  mean  operating  temperature  for  the 
telescope.  This  elimiiuitcs  teripcrsiure  dif^e^ 
ences  between  spacecraft  an.t  telescope  that 
would  cause  mis^gnment  of  the  star  trackers 
and  telescope  axis.  By  insulating  the  tclesc«'pe 
from  spate  and  by  having  the  telescope  and 
spacecraft  thermally  linked,  the  telescope 
gains  the  stability  inherent  in  the  OAO  and 
becomes  insensitive  to  the  radical  environ 
ment  changes  at  the  open  end.  Fn>'  this 
drdgn,  the  telescope  operates  withi.n  a few 
degrees  of  the  structure:  however,  it  also 
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assumes  themal  gradients  similar  to  those  of  Table  1.  Comparison  ''f  Equipment  Flight  Telemetry 
the  OAO  structure  tube.  wuh  Predictions 


Spacecraft  Thermal  Performance 

The  OAO  A-2  was  launched  on  Decena- 
ber  7,  1968,  at  0840  GMT,  from  the  Eastern 
Test  Range  in  Florida.  Its  Atlas-Centaur 
booster  placed  the  observatory  into  an  orbit 
inclined  34.9  degrees  to  the  equator  with  a 
period  of  100.3  minutes,  an  apogee  of 
488  statute  miles,  and  a perigee  of  479  statute 
miles.  All  ^absequent  data  has  shown  that  all 
component  temperatures  are  within  operating 
limits  and  that,  as  of  April  1969,  the  perfor- 
r.iance  of  the  .thermal  subsystem  is  excellent. 

The  performance  of  the  electronic- 
equipment  thermal  control  system  is  illus- 
trated in  figure  7,  which  shows  the  range  in 
operating  temperatures  for  all  equipment  bays 
as  of  the  , first  650  orbits  (exclusive  of  launch 
and  post-launch  temperatures).  Superimposed 
are  the  upper  and  lower  acceptance  limits  as 
well  as  the  predicted  maximum  and  minimum 
operating  levels  independent  of  spacecraft 
orientation.  Inspection  of  this  figure  reveals 
that  all  flight  equipment  temperatures  are 
within  their  acceptable  limits.  Agreement 
between  flight  and  computed  temperatures  is 
excellent,  as  shown  in  table  1,  with  95  per- 
cent of  the  calculated  equipment  temper- 
atures being  within  10®F  of  the  fli^t  data. 

Figure  8 compares  predicted  structural 
gradients  with  flight  temperatures.  The 
comparison  reveals: 

1.  Flight  circumferential  gradients  are 
larger  than  calculated  or  observed  in  ground 
testing. 

2.  Flight  structure  temperatures  are 
always  higher  on  the  sunlit  side  of  the  space- 
craft. 

The  thermal  performance  of  the 
Wisconsin  Experiment  is  shown  in  figure  9. 
Since  this  experiment  package  is  strongly 
coupled  to  the  spacecraft  structure  by  design, 
the  control  of  the  experiment  temperature  by 
the  spacecraft  thermal  design  is  exemplified  in 
this  figure. 

Figure  10  is  a comparison  of  Alzak 
degradation  rates  observed  on  the  OAO,  on 


R'.y 

Component 

Flight 

(“F) 

Calculated 

(°F) 

A-2 

DC/DC  Conv  HS 

61 

66 

A-3 

Inverter  HS 

74 

68 

A-4 

WBTHS 

76 

75 

A-5 

Tape  Recorder  HS 

48 

44 

B-2 

Diode  Box 

61 

66 

B-3 

DLU 

79 

70 

ST-1  Electronics 

79 

78 

B-5 

RAPS 

79 

78 

C-3 

Reg  Converter 

74 

75 

C4 

Batteries 

53 

53 

D-2 

EDHE 

50 

50 

D-3 

FWJC(P) 

61 

58 

D4 

ST-3  Electronics 

38 

35 

D-5 

RAPS  Signal  Proc 

40 

45 

E-1 

PRb 

48 

52 

E-2 

PCU 

23 

28 

E-3 

SCU 

53 

50 

E4 

SAO  Electronics 

36 

30 

E-5 

WEP  Electronics 

52 

57 

F-2 

SDHE 

42 

42 

F-3 

Coarse  Wheel  (Y) 

40 

44 

F4 

ST-5  Electronics 

42 

37 

F-5 

RAPS  Gyro 

141 

142 

G-3 

IBM-140 

6.*; 

74 

G4 

IBM-230 

88 

92 

H-2 

BST  Electronics 

43 

54 

H-3 

Coarse  Wheel  (R) 

S3 

61 

H4 

Phasolver 

86 

86 

H-5 

CCJB 

60 

62 

the  Applied  Technology  Satellite  (ATS-3), 
and  in  Grumman  laboratory  tests.  Preliminary 
results  indicate  that  the  OAO  degradation  rate 
in  solar  absoiptance  will  approach  a change 
no  greater  than  0.07.  Projection  of  the 
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Figure  7.  Equipment  operating  temperatures  in  OAO. 


thennal-control  system  with  future  degrada- 
tion of  Alzak  predicts  no  equipment  tempera- 
tures exceeding  their  expected  operating 
limits  for  a mission  time  of  more  than  one 
year. 


Advanced  Thermal-Control  Techniques 

The  next  generation  of  astronomy 
vehicles  will  have  stringent  requirements  for 
fine-pointing  accuracy,  reliability,  long-life 
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Legend: 
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Figure  8,  Flight-telemetry  structural  gradients. 
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Equivalent  Sun  Hour* 


Figure  1 0.  Alzak  degradation  comparison. 


assurance,  and  operational  flexibility.  There 
are  several  major  thermal-design  consider- 
ations that  will  be  prerequisites  for  achieving 
these  objectives.  Such  considerations  include: 
titter  temperature  control  for  the  telescope, 
minimum  consumption  of  heater  power,  and 
narrower  equipment-operating  temperature 
range  for  wider  variations  in  the  duty  cycle 
and  environment  of  the  equipment.  New  and 
improved  thermal  control  techniques  are 
being  developed  to  meet  the  aforementioned 
objectives.  Candidate  schemes  for  controlling 
the  temperature  of  advanced  vehicles  are 
reviewed  in  this  paper  through  a discussion  of 
active  and  passive  control  devices. 


Heat  Pipes 


The  heat  pipe  is  a device  for  transferring 
heat  by  a closed-cycle  evaporation/ 
condensation  process.  Two  highly  desirable 
characteristics  arc  inherent  in  its  perfor- 
mance: extremely  high  effective  thermal 
conductance  and  near  isotliermal  operation. 


Used  in  connection  with  the  thermal  control 
of  a space  vehicle,  heat  pipes  are  ideal  for 
tasks  such  as  isothermalization  and  tempera- 
ture control  of  equipment  with  varying  duty 
cycles  in  a varying  environment. 

For  proper  operation,  astronomy  satel- 
lite experiments  may  require  a limit  on 
potential  structural  distortions.  To  eliminate 
detrimental  structural  distortions,  it  is  neces- 
sary to  reduce  thermal  gradients  in  the  struc- 
ture to  a tolerable  minimum.  Attaching  heat 
pipes  to  the  spacecraft  structure  is  one 
method  of  reducing  structural  thermal  gradi- 
ents with  a relatively  low  weight  penalty.  In 
such  heat  pipes,  sections  opposite  hot  struc- 
ture elements  will  function  as  evaporators, 
and  sections  opposite  colder  structure  ele- 
ments wfl)  function  as  condensers.  Condenser 
and  evapr»rator  sections  may  switch  functions 
in  response  to  a shift  in  the  temperaturr 
distribution  of  the  structure. 

Figure  1 1 illustrates  a specially  designed 
network  of  heat  pipes  for  an  OAO  spacecraft. 
The  ne  twork  consists  of  a grid  of  longitudinal 
and  hcop  pipes  attached  to  the  surface  of  t’le 
cylindrical  cavity  that  houses  the  telescope 
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One  area  of  particularly  effective  heat- 
pipe  application  is  the  thermal  coupling  of 
equipment  facing  the  sun  with  eiiuipment 
located  in  the  shade,  thus  reducing  their 
temperature  difference.  If  the  spacecraft 
rotates,  the  heat-pipe  evaporator  and  con- 
denser rapidly  switch  functions,  thereby 
reducing  equipment  temperature  excursions. 
Equipment  units  often,  however,  require 
vibration  isolation;  in  such  cases,  rigid  heat 
pipes  cannot  be  used.  The  development  of 
flexible  heat  pipes  is  being  currently  con- 
sidered for  just  such  applications.  In  addition 
to  providing  thermal  coupling  with  vibration 
isolation,  such  heat  pipes  offer  great^^r  design 
and  routing  flexibility. 

Under  certain  conditions,  the  low  ther- 
mal resistance  of  the  heat  pipe  becomes  a 
liability;  for  example,  periods  of  vehicle 
operation  with  electricsd  and  electronic  equip 
ments  powered  down,  periods  of  low  or  zero 
thermal  environment  input  to  the  vehicle,  and 
periods  of  extravehicular  activity  by  the  crew, 
when  the  metabolic  load  is  removed  from  the 
environmental  control  system  of  the  vehicle. 
At  these  times,  the  presence  of  ordinary  heat 
pipes  for  thermal  coupling  between  the  heat 
sources  and  the  outside  environment  may 
create  excessive  heat  flow  from  the  vehicle. 
As  a result,  the  low  temperature  limits  for 
electrical  and  electronic  equipment  may  be 
exceeded;  liquid  consumables  may  freeze  or, 
in  the  case  of  propellants,  become  unusable; 
and  the  crew  may  experience  discomfort  from 
the  cold. 

If  the  effective  conductance  of  a heat 
pipe  could  be  modulated  when  the  heat  load 
varied,  the  scope  of  application  of  the  heat 
pipe  could  be  greatly  expanded.  To  accom- 
plish this  modulation,  a heat  pipe  having  a 
valve  in  the  vapor  passage  and  operated  by  a 
sensing  element  in  the  condenser  has  been 
proposed.  Another  proposed  approach  is  the 
use  of  a bdlows  sensitive  to  the  vapor  pres- 
sure in  the  vapor  path.  The  bellows  would  act 
as  a variable  flow  restrictor,  limiting  the 
evaporation/condensation  processes  when  a 
reduction  in  input  heat  flux  caused  the  vapor 
pressure  to  drop. 


Another  promising  approach  to  varying 
the  conductance  of  a heat  pipe  appears  to  be 
the  introduction  of  a noncondensing  gas  into 
the  vapor  chamber  of  the  pipe.  The  molecules 
of  the  noncondensable  gas,  impelled  by  the 
movement  of  the  vapor,  migrate  toward  the 
cooler  end  of  the  pipe.  Their  presence  in  the 
vicinity  of  the  condenser  inhibits  the  conden- 
sation process  by  reducing  the  molecular 
concentration  of  the  vapor  at  the  liquid/gas 
interface  and  by  raising  the  effective  tempera- 
ture gradient  between  the  vapor  and  the 
liquid. 

A Grumman-funded  program  was  estab- 
lished to  study,  both  analytically  and  experi- 
mentally, the  feasibility  of  such  a heat  pipe 
and  to  define  its  performance  spectra.  This 
program,  in  progress  for  some  time,  shows 
tangible  progress  in  both  the  theoretical  and 
test  phases. 

An  example  of  the  application  of  the 
variable-conductance  heat  pipe  to  satellite 
equipment  is  a proposed  design  for  the  OAO 
batteries  (fig.  14).  The  battery  problem  on 
the  OAO  affords  an  excellent  opportunity  for 
using  a variable-conductance  heat  pipe.  The 
battery-power  output  spectram  and  the  allow- 
able operating  temperature  range  are  such 
that  some  means  of  modulating  the  thermal 


Figure  14.  Spacecraft  application  of  vtaiabk- 
conductance  heat  pipe. 
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coupling  between  the  battery  and  the  outside 
thermal  environment  must  be  used.  The 
existing  design  employs  a space  louver 
between  the  battery  mounting  surface  and  the 
vehicle  thermal  ra^dtor.  Bimetallic  elements 
sensitive  to  local  skin  temperature  adjust  the 
louver  position  to  moderatv  the  battery 
temperature  fluctuations  caused  by  changes  in 
external  thermal  conditions.  Despite  the  use 
of  louvers,  it  is  still  necessary,  under  certain 
operating  conditions,  to  use  electric  heaters  in 
the  batteries  to  prevent  freezing.  Advanced 
development  study  at  Grumman  has  shown 
the  feasibility  of  using  variable-conductance 
heat  pipes  to  couple  the  batteries  to  the 
thermal  radiators,  such  as  Alzak  skins.  The 
resultant  design  would  reduce  heater  power 
from  20  watts  to  4 watts,  would  reduce 
weight  from  40  pounds  to  approximately  7 
pounds,  and  would  cut  the  requited  radiator 
area  from  two  bays  to  one.  A breadboard 
model  of  such  a variable-conductance  heat 
pipe  has  been  built  and  is  undergoing  tests  at 
the  present  time. 

Thermal  Switches 

Thermal  switches  control  temperature 
by  regulating  the  conductance  between  the 
controlled  body  and  its  heat  sink  or  source. 
This  is  achieved  by  temperature-induced 
contact  or  by  separation  of  the  surfaces  of 
two  thermal  conductors  in  the  switch.  One  of 
these  conductors  is  thermally  connected  to 
the  controlled  body;  the  other  conductor  is 
tied  to  a heat  sink  or  a source.  In  anotki^r 
variant  of  the  thermal  switch,  control  is 
achieved  by  regulation  of  the  length  of  a fluid 
element  in  the  heat  path.  Temperature- 
induced  motion  is  usually  provided  by  either 
bimetallic  elements  or  fluid  expansion  and 
contraction. 

A bimetallic  element  consists  of  two 
strips  of  dissimilar  metal  welded  together.  The 
two  metals  have  different  coefficients  of 
expansion.  Any  change  in  temperature 
induces  diflerent  rates  of  expansion  or  con- 
traction in  each  of  the  strips,  forcing  the 
element  to  bend.  This  movement  Is  utilized  in 
making  or  breaking  contact  between  two 
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conductor  surfaces.  Such  a switch  provides  a 
very  high  maximum  to  minimum  conductance 
ratio.  In  practice,  however,  this  ratio  is 
difflcult  to  achieve  and  to  maintain  because 
of  the  difficulty  of  achieving  and  maintaining 
a perfect  thermal  contact  between  the  two 
surfaces. 

Fluid  expansion  and  contraction  can  be 
used  in  several  ways  to  obtain  heat  con- 
duction regulation.  In  the  simplest  type  of 
switch,  fluid  expansion  can  make  or  break 
contact  between  two  surfaces.  This  is  similar 
to  the  bimetallic  switch  with  all  its  advantages 
and  disadvantages.  In  another  type  of  switch, 
a sensor  fluid  moves  a solid  piston  by  ex- 
panding or  contracting.  The  piston  changes 
the  thickness  of  a film  of  secondary  fluid 
between  conductor  surfaces,  thus  changing,  in 
effect,  the  overall  switch  conductance.  In  this 
case,  the  ratio  of  maximum  to  minimum 
conductance  is  relatively  small,  and  the 
temperature  range  over  wliich  it  is  attainable 
is  relatively  large  when  compared  to  other 
thermal  switches. 

Despite  some  difficulties,  there  is  a 
continued  interest  in  thermal  switches 
because  some  switches  are  very  sensitive  and 
respond  to  very  small  changes  in  temperature 
of  the  controlled  body. 

Thermal  Louvers 

Thermal  louvers  control  temperature  by 
regulating  radiation  between  a controlled 
body  and  its  heat  sink  or  source.  This  is 
achieved  by  temperature-induced  adjustment 
of  louver  blade  angles-ranging  from  fully 
closed  to  fully  open  louvers.  Motive  power  for 
the  louvers  can  1m  provided  by: 

1 . Bimetallic  elemen  ts 

2.  Fluid  expansion  and  contraction 

3.  An  electric  motor  triggered  by 
temperature  sensors. 

A typical  louver  installation  is  shown  in 
figures  4 and  I S(a).  In  this  case,  louvers  are 
inserted  between  the  controlled  equipment 
and  a radiator.  Chan^g  angles  of  the  louver 
slats  regulates  heat  transfer  rates  between  the 
equipment  and  radiator.  The  slat  angle  can  be 
set  by  individual  bimetallic  springs  or  by 
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(a)  Louver. 
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(bj  Thermal  shade. 


(c)  Thermal  door. 

Figure  15.  Active  systems  for  thermal  control 

single  mechanisms  activated  by  fluid  ex* 
pansion  or  other  temperature  sensors.  In  all 
cases,  the  louver-activating  mechanism  must 
respond  to  the  temperature  of  the  controlled 
body. 

Another  method  of  louver  installation 
involves  removing  the  radiator  plate  that 
shields  the  louvers  from  environmental 
extremes.  The  regulation  range  of  the  louvers 
in  this  installation  is  increased,  but  special 
problems  are  incurred.  For  example,  the 
louver  operating  in  direct  sunshine  would 
tend  to  heat  up  and  would  open  slats  at  the 
very  moment  when  it  may  be  the  least  desir- 
able. One  possible  way  of  solving  this  problem 
is  to  regulate  the  slat  angles  of  the  louvers 
with  a small  electric  motor  triggered  from 
temperature  sensors  attached  to  the  equip- 
ment and  insulated  from  the  environment. 

Thermal  Shades  and  Thermal  Doors 

A thermal  shade,  shown  in  figure  1 S(b), 
is  essentially  a surface  cover  made  of  a flex- 
ible material  that  is  roUed  off  or  on  the 
surface  in  response  to  a temperature  signal. 


Motive  power  can  be  provided  by  bimetallic 
elements,  fluid  volume  changes,  or  an  electric 
motor.  Thermal  shades  partially  cover  or 
shade  the  controlled  surface  at  some  temper- 
atures, thus  creating  and  aggravating  existing 
thermal  gradients.  To  solve  the  problem  of 
gradients,  it  is  necessary  to  lengthen  the  shade 
and  its  travel  distance  and  to  provide  a perfo- 
ration pattern  aiong  the  length  of  the  shade 
material.  Ihese  perforations  decrease  in  size 
as  the  shade  moves  to  covet  the  equipment. 
As  a result,  the  contrast  between  the  shaded 
and  unshaded  section  of  the  controlled  equip- 
ment is  sharply  reduced,  and  temperature 
regulation  is  more  gradual  over  the  entire 
equipment  surface. 

Tliermal  doois,  shown  in  figure  15(c), 
automatically  open  or  close  as  a function  of 
temperature,  thus  exposing  or  covering  a high- 
emittance  radiating  surface.  The  outer  surface 
of  the  door  is  covered  with  a low-emittance 
coating.  Here,  too,  movement  is  provided  by 
bimetallic  elements,  fluid  volume  changes,  or 
electric  motor. 

One  of  tne  major  advantages  of  shades  or 
doors  compared  to  louvers  is  that,  in  the  open 
condition,  the  hot-case  insertion  loss  for 
shades  or  doors  can  be  very  small,  in  the  case 
of  the  louvers,  the  support  frame  and  the 
suspended  blades,  even  when  fully  opened, 
reduce  the  hot-case  heat-rejection  capability 
of  the  surface  by  more  than  20  pen»nt.  The 
use  of  a single  control  mechanism  to  move  the 
shade  or  door  does,  however,  decrease  its 
reliability.  Most  louvers  are  bull*  with  indi- 
vidually controlled  blades.  The  probability  of 
all  louver-blade  control  mechanisms  failing  at 
once  is  very  remote  compared  to  the  failure 
probability  of  a single  control  mechanism.  In 
addition,  individual  controls  on  blades 
respond  to  local  temperatures  and  help 
smooth  gradients;  the  thermal  shade  or  door 
cannot  do  this. 

Insulation 

The  most  common  method  of  thermal 
control  to  minimize  heat  leaks  from  a large 
surface  is  multilayer  insulation.  The  efforts  in 
this  area  include  the  proper  venting  design  *o 
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insure  interstitial  pressure  levels  no  greater  spherical  tank  calcrinijter  at  Grumman  with 

than  1(T^  torr  and  detailed  attention  to  the  perforated,  double-sided,  aluminized  mylar 

proper  handling  of  penetrations,  layer  spacing  with  nylon  spacers  gave  values  of  heat  flux 

with  spacers,  and  number  of  thermal  shields  versus  number  of  layers,  as  shown  in 

for  a particular  configuration.  Current  work  flgure  16.  For  this  particular  insulation  and 

on  optimum  insulation  performance  suggests  hole  area  fraction,  further  improvement  may 

an  advantage  for  broadside-venting  over  edge-  be  possible  by  increasing  the  number  of  layers 

venting  when  the  number  of  layers  is  greater  beyond  30.  The  values  shown  are  superior  to 

than  ten  or  when  it  is  a large  insulation  the  crinkled,  single-sided,  alujninized  mylar 

blanket.  The  broadside-venting  specification  used  at  the  present  time  in  most  veldcle 

for  hole  area  fraction  must  take  into  account  insulation  design  (fig.  1 6). 

the  gas  load  and  the  total  number  of  thermal 

shields  involved  in  a particular  design.  For  a For  general  design  purposes,  the  hole 

given  hole  area  fraction,  the  hole  diameter  area  fraction  used  should  increase  with  the 

and  corresponding  hole  spacing  should  be  as  number  of  layers  in  the  blanket.  For  a given 

small  as  possible  and  preferably  of  the  same  gas  load  per  layer  there  will  be  an  optimum 

order  as  the  gap  height.  Currently  the  smallest  number  of  layers  with  a corresponding  hole 

hole  size  available  on  the  open  market  is  fraction  for  minimum  heat  flux.  Further 

larger  than  desired  (1/16-inch  diameter),  increase  of  layers  with  the  same  hole  area 

Experiments  performed  on  a 1 6*inch-diameter  fraction  and  gas  load  per  layer  will  increase 


N-Laytra 


Flgi^re  16.  Effect  of  layers  on  heat  flux  through  rtutltilayer  Insulation. 
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the  total  blanket  heat  flux  due  to  an  increase 
in  interstitial  gas  pressure. 

Thermal-Control  Coatings 

Thermal  control  can  be  achieved  in  some 
cases,  and  aided  in  alt  cases,  by  using  so-called 
“selective  radiator”  surfaces.  The  selective 
radiators  used  in  most  spacecraft  absorb  low 
fractions  of  impingeing  solar  radiation  and 
couple  this  property  with  a high  emittance  in 
the  low-temperature  region.  Because  of  the 
characteristics  described,  only  a small  fraction 
of  impingeing  solar  energy  is  absorbed 
without  lowering  significantly  the  heat- 
rejection  capability  of  the  radiator  at  equip- 
ment temperatures.  This  reduces  the 
excursion  extremes  of  equipment  tempera- 
tures between  periods  when  the  equipment  is 
exposed  to  direct  sunlight  and  periods  when 
the  equipment  is  in  the  shade. 

Table  2 lists  solar-radiation-absorption 
coefficients  and  emittances  for  various  coat- 
ings. A comparison  reveals  that  the  OSR 
coating  offers  significant  advantages  in  perfor- 
mance over  the  other  coatings.  It  consists 
essentially  of  small  1-inch  by  1-inch  mirrors 


covering  the  entire  outside  surface  of  the 
radiator.  Attachment  to  the  radiator  is  made 
with  an  LTV  type  of  cement  or  double- 
backed  H-film  tape. 

The  absorptance  (a  =0.05  to  0.1)  and 
emittance  («  = 0.70  to  0.80)  for  the  OSR  is 
combined  into  a parameter  a/e  (a/e  = 0.06  to 
0.15),  which  is  a figure  of  merit  for  com- 
paring coatings.  This  figure  of  merit  is  an 
indirect  measure  of  temperature  stability 
obtainable  with  a given  coating.  (The  ranges 
of  a,  e,  and  a/e  shown  for  OSR  reflect  the 
techniques  of  installing  the  individual  mirrors, 
especially  the  spacing  of  the  mirrors.) 

Comparison  of  the  various  coatings  listed 
in  table  2 reveals  that  use  of  the  OSR  coating 
would  result  in  a significant  narrowing  of 
equipment  temperature  excursions.  In  addi- 
tion, OSR  shows  excellent  durability:  its 
performance  is  not  degraded  after  exposure  to 
the  space  environment.  Figure  17  shows  the 
effect  of  exposure  to  solar  radiation  on  the 
absorptance  of  several  coatings.  OSR  remains 
unaffected,  whereas  TiOj  (titanium  dioxide) 
and  Alzak  deteriorate. 

The  OSR  coating  is  clearly  superior  to 
the  other  coatings  used,  and  further  study  of 
its  feasibility  for  use  in  space  is  warranted. 


Table  Z Topical  Thermal-Control  Costings 


UV  Degradation 
Resistance 


Handling 

Ease 
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Figure  17.  Ultraviolet  degradation  of  thermal-control 
surfaces. 


Generic  Considerations 

There  are  several  design  problems  related 
to  advanced  astronomy  vehicles  that  fall  into 
a general  category,  namely,  the  areas  related 
to  possible  integration  of  man  and  operation 
of  a venicle  in  proximity  to  a space  station  or 
space  base. 

Integration  of  Man 

Advanced  astronomy  spacecraft  may  be 
either  man-attended  for  short  periods  of  time 
or  actually  man-operated  for  days  or  weeks. 
In  each  of  these  concepts,  vehicle  design  is 
strongly  influenced  by  the  presence  of  man. 
At  first  thought,  one  would  expect  the  need 
for  life  support  capabilities  to  be  the  single 
greatest  area  of  design  impact;  however,  many 
of  the  major  vehicle  problem  areas  are 
actually  the  result  of  man-induced  environ- 
ments, such  as  plume  impingement,  gas  leak- 
age, etc.,  rather  than  the  result  of  man 
himself.  These  design  considerations  are  more 
easily  undentood  in  the  context  of  man- 
attended  and  manned  spacecraft  concepts. 

• 

Man-Attended  Telescope 

A man-attended  spacecraft  is  influenced 
in  its  external  configuration,  equipment 
design,  internal  arrangement,  telescope  design, 
and  experiment  operation  by  the  transient 


presence  of  man.  In  the  same  manner,  the 
transient  nature  of  man’s  visit  influences  his 
life  support  system  choice  and  perhaps  even 
his  type  of  dress. 

The  first  portion  of  the  spacecraft  that  is 
“aware”  of  man  is  the  external  configuration. 
As  the  astronaut  approaches  in  his  logistic 
vehicle,  external  surfaces  o*"  the  astronomy 
vehicle  will  be  impinged  upon  by  plumes  from 
the  reaction  control  engines.  These  plumes 
can  degrade  and/or  damage  thermal-control 
surfaces,  soL'.r  -*rrays,  sun  shades,  and  experi- 
ment optics.  A typical  plume  is  shown  in 
figure  18.  The  extei.t  of  the  potential  damage 
can  be  seen  in  the  extent  of  the  shaded  areas, 
shown  in  figure  19,  which  depict  the  exotic 
thermal-protection  schemes  needed  to  project 
the  lunar  module  from  service  module 
plumes.  This  plume  impingement  problem  is 
equally  severe  after  docking,  during  attitude- 
control  firings,  and  during  retroflring  when 
the  logistic  vehicle  leaves.  Extreme  care  must 
be  exercised  in  basic  vehicle  design  and 
mission  planning  to  overcome  this  problem. 
For  example,  it  appears  absolutely  necessary 
that  the  following  be  considered: 

1 . Experiment  protection  by  closing  of 
sun  shade 

2.  Solar  array  desigti  capable  of  being 
folded  during  ma  :ned  attendance 

3.  Low  degradation  thermal  coating, 
such  as  optical  solar  reflectors 

4.  Constrainment  of  both  approach 
angle  and  rate  of  approach  of  logistic  vehicle. 


sOoaUmlBAtloii  of 
mm,  OpHos 


figure  18.  Plum  impinganeHt. 
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-Plume  protection  areas 

Figure  19.  LM-4  thermal  protection  for  front  of  ascent  stage. 


as  well  as  type  of  attitude-control  duty  cycle 
and  vehicle-separation  technique 

5.  Investigation  of  the  possibility,  al- 
though remote,  of  a cold-gas  logistic  reaction- 
control  system  (RCS)  for  use  at  close  range. 

Basic  telescope  design  is  another  area 
influenced  by  man’s  presence.  The  RCS 
plumes  previously  mentioned  are  a problem. 
In  addition,  the  leakage  of  water  ^^por  out  of 
the  pressurized  compartment  could  degrade 
optics  and  must  be  prevented.  Telescope 
structural  attachment  is  also  an  area  of 
concern.  Many  advanced  thermal-isolation 
techniques  make  use  of  a strong  structural 
support  for  launch  and  boost  loads  that,  once 
in  space,  is  automatically  released  to  provide 
thermal  isolation.  Reactivation  of  such  a 
device  would  be  necessary  to  withstand 


physical  loads  during  docking,  attitude  con- 
trol, and  orbit-keeping  by  the  main  propul- 
sion engine  of  the  logistic  vehicle. 
Orbit-keeping  would  be  the  worst  condition. 
It  is  mentioned  because  it  is  possible  that  a 
man-attended  vehicle  could  imply  the 
presence  nearby  of  a large  manned  spacecraft 
or  space  station.  The  drag  characteristics  of  an 
astronomy  vehicle  (M/CpA)  are  such  that  the 
vehicle  could  not  provide  long  life  in  the  low 
orbits,  250  to  350  nautical  miles,  indigenous 
to  most  large  space  stations.  Telescope  oper- 
ation is  also  .unstrained  after  man  leaves  the 
vehicle  because  his  presence  had  previously 
disturbed  the  overall  thermal  balance  of  the 
spacecraft.  At  the  present  time,  it  is  antic- 
ipated that  a cold  telescope  (below  273^K) 
not  thermally  stabilize  for  at  least  two 
days  after  man  leaves  the  satellite. 
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The  last  area  of  consideration  in  a man- 
attended  satellite  is  the  life-support  system 
for  the  man.  This  support  system  must 
furnish  oxygen  and  cooling  and  must  remove 
the  metabolic  byproducts,  carbon  dioxide  and 
water.  For  short  visits,  such  as  encountered  in 
this  type  of  vehicle,  the  basic  life-support 
equipment  would  most  likely  be  in  the  logis- 
tic vehicle.  Transfer  of  the  needed  gases  and 
coolants  into  and  out  of  the  astronomy 
vehicle  would  be  a function  of  astronaut 
dress.  If  the  astronaut  is  suited  with  only 
mask  and  gloves  off,  cooling  is  provided  by 
the , liquid-cooled  suit.  The  oxygen  supply  and 
the  removal  of  carbon  dioxide  and  water  are 
controlled  by  ducting.  This  life-support  tech- 
nique is  the  least  complex  for  the  astronomy 
vehicle.  It  is,  however,  the  least  desirable  for 
the  astronaut’s  movement  and  maintenance 
capabilities.  If  he  is  unsuited  in  a true  shirt- 
sleeve environment,  he  is  best  able  to  perform 
his  assigned  tasks.  Control  of  his  environment 
is,  however,  fairly  complex.  Fans,  heat 
exchangers,  and  the  like  are  needed  and  will 
complicate  the  logistic  vehicle  interfaces. 

Either  of  these  life-support  techniques 
are  feasible.  The  thermally-preferred  method 
is  a suited  astronaut.  A shirt-sleeve  environ- 
ment will  present  some  major  problems,  but  it 
can  be  supplied  if  overall  tradeoffs  indicate  its 
desirability. 

Manned  Telescopes 

A manned-operation  astronomy  vehicle 
can  be  thought  of  as  a manned  spacecraft 
with  a telescope  attached;  however,  this  type 
of  vehicle  is,  by  definition,  a much  larger, 
heavier,  more  complex  spacecraft.  Life 
support  for  man  and  the  cooling  of  guidance 
and  communication  equipment  require  an 
active  thermal-control  system  using  liquid- 
cooling loops,  space  radiators,  and  stored 
oxygen  and  water.  (It  is  not  the  purpose  of 
this  paper  to  discuss  manned  spacecraft 
design;  therefore,  the  remarks  on  ftis  topic 
will  be  limited  to  those  areas  germane  to 
astronomy  applications.) 

Many  of  the  problem  areas  and  design 
considerations  outlined  for  man-attended 


vehicles  are  also  generic  to  manned  operation 
vehicles.  Plume  impingement  is  still  a problem 
although  a less  severe  one  because  some  lib- 
erties can  be  taken  in  canting  engines, 
changing  docking-latch  locations,  or  using 
plume  deflectors.  Design  of  spacecraft  equip- 
ment is  easier  because  the  active  liquid- 
cooling loop  allows  more  flexibility  in 
packaging. 

Unfortunately,  telescope  operation  is 
extremely  complex.  Plume  problems  exist 
constantly.  Gas  leakages  from  the  cabin  bear 
water  vapor  into  experiment  compartments 
and  introduce  a constant  danger  of  electro- 
static discharge  in  high-voltage  systems.  Life- 
support  functions  are  carried  out  by  the 
manned  section  of  the  spacecraft  and  have 
only  minor  impact  on  astronomy  design.  This 
apparent  separation  of  the  spacecraft  into  two 
sections  gives  rise  to  the  concept  of  actually 
making  two  spacecraft  sections:  (l)a  man- 
rated vehicle  capable  of  life  support  and  data- 
handling  and  (2)  a section  for  experiments.  In 
this  way,  a hi^y  cost-effective,  multi- 
experiment program  is  possible  by  using  the 
one-man-rated  vehicle  and  attaching  astron- 
omy, solar,  earth  resources,  and  x-ray  types  of 
experiment  packages.  Thii<  concept  appears 
particularly  worthy  of  furtlier  study  by  both 
NASA  and  industry. 

Operation  in  Proximity  to  a Space  Station 

Advanced  astronomy  spacecraft  may  be 
required  to  operate  in  the  vicinity  of  a large 
space  station  or  space  base.  In  this  operating 
mode,  thermal  control  of  equipment,  oper- 
ating temperatures  of  the  telescope,  and 
contamination  of  coatings  and  optics  are 
strongly  influenced  by  the  presence  of  the 
space  station.  (The  problem  of  contamination 
by  exhaust  products  from  the  reaction  con- 
trol syste  m has  been  defined  in  the  previous 
discussion  of  the  man-attended  telescope.) 

The  electronic  equipment  in  an  astron- 
omy vehicle  will  usuidly  be  thermally  con- 
troUed  by  an  active  system  using  louvers.  In 
order  for  this  type  of  thermal  control  to 
properly  operate,  the  skins  of  the  vehicle 
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must  have  an  unobstructed  view  to  space. 
Some  of  the  thermal  control  skins  for  an 
observatory  very  close  to  the  space  station 
will  have  their  view  to  space  blocked  by  the 
station.  This  blockage  is  directly  related  to 
the  distance  from  the  space  station,  as  illus- 
trated in  figure  20.  A standard  semipassive 
system  would  require  that  the  observatory 
have  a view  to  space  of  between  0.85  and 
0.95,  depending  upon  exposure  to  sunlight. 
This  would  require  a minimum  deployment 
distance  of  1 2 feet.  The  deployment  distance 
can  be  reduced  by  adding  heat  pipes  to  the 
observatory.  These  pipes  transfer  heat  from 
the  obstructed  equipment  compartments 
around  the  vehicle  to  those  compartments 
having  a full  view  to  space.  For  the  case 
shown  in  figure  20,  this  technique  reduces  the 
minimum  deployment  distance  from  12  feet 
to  6 feet. 

The  temperature  required  for  the  obser- 
vatory telescope  varies  according  to  the  type 
of  experiment  being  performed.  Solar  experi- 
ments tend  to  operate  at  room  temperature; 
astronomy  experiments  require  reference 
temperatures  below  0*F  and  as  low  as  -80°  F. 
The  unsymmetrical  view  to  space  of  this  tele- 
scope «^1  induce  gradients  in  the  telescope 
just  as  it  does  in  the  electronics.  Heat  pipes 
should  be  used  to  minimize  these  gradients. 
Experiment  temperature  variations  are  shown 


Figure  20.  Space-station  effect  on  OAOtypeof  equip- 
ment. 


in  figure  21  as  influenced  by  experiment/ 
space-station  proximity  and  vehicle 
shadowing  effects.  This  range  of  10°F  to 
-50°F  is  similar  to  that  of  the  OAO.  It  would 
be  favorable  to  the  experiments  if  this  range 
were  narrower.  One  method  of  lowering  the 
magnitude  of  this  excursion  is  to  use  the 
space  station  to  shade  the  instrument  f‘om 
the  sun.  One  possible  shading  arrangement  is 
shown  in  figure  22. 


Figure  21.  Telescope  temperature  variations. 
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Figure  22.  Fossibk  shading  arrangement  of  obser- 
vatory'. 


Summary 

The  various  passive  and  active  thermal- 
control  techniques  described  represent  a set 
of  devices  and  methods  that  the  thermal 
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designer  can  use  for  achieving  his  design  Advanced  astronomy  vehicles  will  have 

objectives.  Any  single  application  may  best  be  their  designs  greatly  influenced  by  the  pres- 

served  by  a particular  method  or  device  or  by  ence  of  man  and  his  induced  environments, 

some  combination  of  these.  Tradeoff  studies  Solutions  to  all  of  the  anticipated  problems 

if  between  the  techniques  reviewed  are  generally  appear  within  the  state-of-the-art  for  1973 

j effective  only  when  considered  for  a specific  although  some  operational  constraints  may  be 

f application.  Furthermore,  as  new  techniques  needed.  Tliere  is  no  clear  thermal  preference 

P develop,  with  improvements  introduced  into  between  man-attended  and  manned  spacecraft 

one  or  another  of  the  control  devices,  such  concepts.  Plume  impingement  appears  to  be 

( tradeoff  conclusions  may  be  altered.  At  the  the  major  area  of  concern  for  a man-attended 

' present  time,  each  of  the  devices  described  is  telescope.  Telescope  contamination  by  gas 

eligible  as  the  best  application  for  some  set  of  leakage  and  plumes  are  the  areas  of  concern 

design  circumstances.  For  example,  on  a when  the  telescope  is  manned.  Should  the 

f single  vehicle,  one  equipment  bay  may  have  a vehicle  use  a manned  concept,  the  develop- 

§ variable-conductance  heat  pipe  with  an  OSR-  ment  of  a common  manned  module  with 

? covered  radiator.  The  next  bay  may  be  multiexperiment  capabilities  (attached  prior 

' equipped  with  externally  mounted  louvers  or  to  launch)  seems  worthy  of  consideration, 

a thermal  shade.  It  is  this  mixing  and  com- 
bining of  the  various  devices  that  offers  great 
flexibility  for  effective  thermal  control. 
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General  Philosophy  of  Mirror  Support  Systems 

W.  W.  Baustian 

Kitt  Peak  National  Observatory 


Mirror  support  systems  for  terrestrial 
telescopes  include  four  basic  elements:  (1)  the 
axial  and  radial  supports,  (2)  the  defining 
units,  (3)  a set  of  jacks  for  supporting  the 
mirror  when  the  axial  supports  are  inoper- 
ative, and  (4)  the  cell  on  or  in  which  the  fore- 
going elements  are  mounted.  In  addition, 
suitable  safety  stops  should  be  installed 
above,  but  free  of  the  mirror,  to  provide 
seismic  safeties  and  to  prevent  tlie  mirror 
from  tipping  forward  in  case  the  telescope  is 
accidentdly  pointed  below  the  horizon.  The 
installation  and  removal  of  the  mirror  from 
the  telescope  and  cell  for  re-aluminizing 
should  be  considered  in  the  overall  design  of 
the  system.  Provision  for  washing  the  mirror 
in  the  telescope  is  also  important  and  should 
be  kept  in  mind  in  developing  the  system. 

Mirror  Supports 

The  mirror  supports  must  fulfill  the 
basic  requirement  that  the  mirror  be  sup- 
ported in  such  a fashion  that  its  perfonrance 
is  as  though  it  were  weightless.  To  do  this,  the 
design  of  the  supports  must  provide  that  each 
support  assembly,  axial  and  radial,  sustain 
oiUy  its  component  of  the  mirror  load,  with 
an  absolute  minimum  restraint  in  any  direc- 
tion normal  to  this  component.  The  overall 
friction  in  the  supports,  particularly  the  axial, 
must  be  kept  down  to  0.1  percent  for  ribbed 
or  lightweight  mirrors.  For  solid  mirrors,  the 
allowable  friction  may  be  increased  to  two  or 
three  times  this  value.  Provision  must  be  made 
for  accommodation  of  the  diffierential  the^ 
mal  expansion  between  the  minor  and  the 
steel  support  structure.  The  normal  or  cross 
loads  due  to  differential  thermal  expansion 


are  included  in  the  frictional  limitations 
mentioned  above. 

In  the  past,  two  basic  systems  have  been 
used  for  the  supports.  One  involves  the  use  of 
counterbalancing  levers  and  the  other  uses  air 
bags,  either  in  the  form  of  a number  of  indi- 
vidual circular  bags  or  several  annular  bags. 
For  large  mirrors,  variation  in  pressure  in  the 
several  annular  zones  must  be  provided 
because  of  the  varying  thickness  of  the  minor 
where  the  back  of  the  .-nirror  is  kept  flat 
These  air  bap  apply  only  to  axial  supports. 
The  design  of  all  supports  must  provide  for 
load-carrying  capacity  proportional  to  the 
function  of  the  slope  ani^e  of  the  mirror. 

Axial  Supports 

For  the  lever  type  of  axial  or  back  sup- 
ports, a leverage  ratio  of  5:1  to  7:1  is  gener- 
ally used.  The  ball  oearings  for  the  pivots 
should  be  conservatively  rated  for  static 
service,  but  they  should  also  be  kept  as  small 
as  possible  to  keep  the  friction  radius  to  a 
minimum.  Experience  with  the  1 20-inch  lick 
telescope  indicated  that  a S oi  10  minute 
run-in,  at  approximately  500  rpm,  of  all  the 
bearinp  used  in  the  supports  noticeably 
decreased  the  friction.  The  explanation  for 
this  is  probably  the  smoothing  out  of  the 
as-ground  finish  of  the  races.  On  both  the 
120-inch  Lick  teleiicope  and  the  84-inch  tele- 
scope at  Kitt  Peak,  we  have  used  groups  of 
three  levers  acting  against  one  support  ring. 
To  provide  for  riifferential  expansion,  push- 
rods  transmit  the  load  from  the  levers  to  the 
support  rings  The  ends  of  the  pushrods  may 
be  ^bal  ataiched  or  may  be  provided  with 
hardened  coned  points  Aat  are  seated  in 
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coned  sockets.  The  rtidi»s  of  the  con^oints  factory  for  the  larger  mirrors  of  small  focal 

should^^Sj^i^t^piP^llA  It)  Assure  ratio  presently  being  used  in  modem  tele- 

of  around'*! 50, oMl’^undspCT  s^are  inch.  scopes. 

The  length  of  the  pushrods  should  be  such  At  this  time,  the  only  pressure  regulator 

that  the  effect  of  angular  displacement,  due  with  sufficiently  sensitive  response  uses  an 
to  differential  e.xpansion,  is  insignificant.  air-bearing-supported  piston  in  a cylinder 

In  the  more  recent  telescopes,  the  use  of  assembly,  which  is  mounted  on  the  telescope 

air  bags  has  gained  in  popularity  because  of  tube  with  its  axis  parallel  to  the  axis  of  the 

the  simplicity  of  design  of  the  support  units  telescope  tube.  One  regulator  is  used  for  each 

themselves.  The  overall  cost  savings  of  this  circular  array  of  pads  because  of  the  require- 

system,  including  the  pressure  regulators  and  ment  for  a different  pressure  in  each  array.  A 

compressors,  is  probably  not  as  great  as  would  proposal  to  use  individual  regulators  for  each 

appear  at  first  glance.  The  overall  response  of  pad  to  correct  errors  in  mirror  figures  does 

the  two  systems  is  about  the  same.  A pro-  not  appear  valid  because  this  correction  effect 

posed  modification  of  the  “piston”  type  of  would  vary  with  the  pointing  of  the  telescope. 

' support  would  require  that  suitable  internal  A slope-responsive  diaphragm  type  of 

g cavities  be  machined  in  the  blank  to  com-  regulator  has  been  used  on  a 60-inch  telescope 

pensate  for  the  variable  thickness  of  the  primary  mirror  and  for  some  secondary  mir- 

mirror.  Thus,  a uniform  pressure  would  be  rors  where  the  pressures  are  negative.  From 

used  below  the  entire  area  of  the  mirror.  the  experience  to  date,  it  appears  that  this 

Another  solution  would  be  to  make  the  back  form  of  regulator  is  not  sensitive  enough  to 

surface  parallel  to  the  front  surface.  An  objec-  meet  the  more  rigid  requirements  for  large 

tion  to  this  is  the  difficulty  of  support  during  mirrors;  however,  plans  call  for  its  use  for  the 

the  figuring  of  the  mirror.  secondaries  on  the  1 50-inch  telescope. 

The  150-inch  Kitt  Peak  design  uses  For  large  mirrors  with  fairly  high  slewing 

33  air-bag-supported  pads  arranged  in  two  rates,  the  required  air  compressor  capacity 

circular  arrays.  Three  defining  supports  are  becomes  considerable  when  using  the  air- 

substituted  for  pads  in  the  outer  array.  The  bearing  piston  regulator.  In  addition,  the  size 

/ general  design  of  these  supports  is  shown  in  of  the  connecting  piping  must  be  large  enough 

figure  1.  The  roll  diaphragm  is  a thin  neo-  to  keep  the  pressure  lag  to  a minimum, 
prene  bellows,  made  by  Bellotram  and  (The  distribution  of  supports  and  pres- 

containing  no  fabric.  The  maximum  ..ir  pres-  sures  has  not  been  discussed  because  this  is  an 

sure  is  8 pounds  per  square  inch.  The  bellows  entire  field  of  its  own  and  is  the  subject  of  ^ 

are  uniformly  responsive  in  all  directions  to  other  engineering  reports.) 

differential  expansion.  The  use  of  annular 
bags  poses  a problem  in  this  respect  and  Radial  Supports 
requires  some  additional  provision  to  accom- 


modate the  expansion  differential.  In  addi- 
tion, annular  bags  must  be  fabricated  as 
special  items,  whereas  the  Bellofram  dia- 
phragms are  a manufactured  sto<:k  item.  An 
additional  feature  of  the  individual  pad 
system  is  that  it  permits  some  adjustment  of 
the  radii  of  the  two  (or  more)  arrays. 

A sin^e  air  bag  has  been  used  for  one  or 
two  smaller  telescopes  of  about  a 60-inch 
aperture  and  of  larger  focal  ratio.  Use  has  also 
been  made  of  the  mirror  as  a “piston”  with 
mercuiy  band  edge  supports  as  “piston  rings.” 
It  is  not  felt  that  these  systems  are  satis- 


accomplished  with  lever  systems,  particularly 
in  the  larger  sized  mirrors.  Mercury  flotation 
bands  have  been  used  in  some  telescopes, 
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especially  those  of  smaller  sizes.  They  are  also 
worthy  of  serious  consideration  for  the 
support  of  secondaries  for  large  telescopes 
because  of  their  simplicity  and  light  wei^t. 
The  amount  of  mercury  in  the  tube,  or  tubes, 
should  be  the  exact  amount  required  to 
“float”  the  mirror  so  that  its  optical  center 
coincides  with  the  optical  center  of  the  tele- 
scope tube.  Consequently,  there  will  be  no 
lateral  shift  of  the  mirror  for  various  telescope 
pointinp  and  therefore  no  need  for  additional 
center-defining  points.  In  fact,  the  latter 
should  definitely  not  be  used  with  this  sysr 
tern,  thereby  eliminating  the  possibility  of 
conflict  of  restraints.  With  the  “piston”  type 
of  axial  air  support,  the  mercury  bands  are 
pressurized  to  provide  a suitable  piston  seal. 

The  lever  type  of  radial  supports  for 
riblxd  mirrors  is  usually  incorporated  in 
assemblies  with  the  axial  supports.  The  load 
point  for  each  lever  is  adjusted  to  coincide 
with  the  calculated  center  of  gravity  of  the 
element  being  supported  by  that  lever.  There- 
fore, these  support  units  extend  up  into 
pockets  or  recesses  in  the  back  of  the  mirror. 
The  levers  are  gimbal-mounted,  as  are  the  load 
rings  at  the  ends  of  the  levers.  To  accom- 
modate differential  expansion,  a linear  ball 
bearing  is  placed  between  the  load  ring  and 
the  mirror.  The  leverage  ratio  is  usually  5 : 1 to 
7:1.  For  large  mirrors,  seasonal  adjustments 
may  be  necessary;  hence,  provision  should  be 
made  to  shift  the  radial  support  subassembly 
both  for  this  and  for  origin^  alignment. 

For  large  solid  mirrors,  1 believe  only  the 
push  type  of  lever  systems  has  been  used  thus 
far.  The  levers  have  generally  been  distributed 
around  the  outer  edge  of  the  mirror.  A better 
figure  can  be  maintained  if  they  can  be 
divided  between  the  outer  rim  and  the  central 
hole  in  the  mirror.  In  the  1 SO-inch  telescope, 
we  are  using  this  system  with  the  weight  being 
equally  divided  between  the  two  sets  of  sup- 
ports. Because  only  half  the  supports  are 
active  and  their  loads  are  proportional  to  the 
square  of  the  cosine,  the  leverage  ratio  is 
usually  on  the  order  of  30:1.  In  general,  a 
conqiound  leverage  system  is  used.  The  load 
point  on  the  mirror  should  be  in  the  plane  of 
the  average  center  of  gravity  of  the  miiror. 


For  large  mirrors,  particularly  those  with  a 
short  focal  ratio,  this  causes  problems;  some 
improvement  is  achieved  by  the  use  of  both 
external  and  internal  edge  systems.  The  rela- 
tively heavy  pressure  pads  in  contact  with  the 
mirror  should  be  counterweight-supported  to 
cancel  edge-droop  effect  Accommodation  of 
differential  expansion  in  the  axial  direction 
may  be  incorporated  with  pad  counterbalance 
by  pivoting  the  pad  pushrod  in  the  main 
counterweight  lever.  Radial  expansion  dif- 
ferences may  be  handled  by  providing  for 
seasonal  adjustments  or  by  using  a concen- 
trically stacked,  bimet^ic,  temperature- 
compensated  pushrod.  We  have  been  using 
alternate  tubes  of  Invar  and  7075-T6  or 
2024-T6  aluminum. 


Defining 

In  general,  four  center-defining  points 
have  been  used  so  that  alignment  in  the  two 
coordinates  is  more  easily  accomplished.  For 
solid  mirrors,  the  defining  points  may  act 
directly  on  the  edge  of  the  center  hole,  or,  if 
central  radial  supports  are  used,  four  of  the 
lever  arms  of  these  units  can  be  micromete^ 
controlled  for  the  purpose.  For  the  separate 
center  points,  radial  expansion  may  be 
balanced  by  means  of  the  bimetal  compen- 
sators already  mentioned.  Axial  freedom  is 
provided  for  by  means  of  a hardened  ball 
between  two  hardened  flats.  Dial  indicaton 
are  installed  to  aid  in  centering  and  to  provide 
for  repeatability  during  reinstallation  of  the 
narror  after  aluminizing. 

With  ribbed  mirrors,  the  radial  support 
levers  may  also  be  used  for  centeivdefining. 
Since  these  levers  are  gimbal-mounted, 
expansion  compensation  is  easily  provided  for 
by  restraining  the  levers  by  means  of  radial 
slotted  stops,  as  shown  in  figure  2. 

CoUirrmtion  of  mirrors  with  the  lever 
type  of  axial  supports  is  done  conveniently  by 
micrometer  control  of  three  equally  spaced 
levers  m the  outer  array  of  supports.  If  the 
support  units  contain  more  tlum  one  lever, 
otily  one  lever  in  each  of  the  three  need  be 
controlled. 
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I^gure  2.  Center-defining,  by  using  radial  support 
levers. 

With  air-bag  supports,  separate  colli- 
mation  units  may  be  located  between  sup- 
ports in  the  outer  array  or  substituted  for 
three  of  the  supports  themselves.  In  the  more 
recently  built  telescopes  and  those  being 
built,  load-sensing  elements  are  being  installed 
in  the  collimating  units  for  monitoring  the 
air-bag  pressure.  Dial  indicators  should  be 
installed  to  monitor  mirror  position,  too. 

To  aid  collimation  during  both  original 
setup  and  routine  adjustments,  it  would  be 
well  to  develop  an  auxiliary  optical  system  to 
facilitate  this  operation.  In  a sophisticated 
design,  it  could  be  used  to  perform  the  colli- 
mating operation  automatically  on  command. 

Mirror  Cell 

The  mirror  supports,  defining  units, 
Coude  No.  3 secondary  mirror,  and  the 
Cassegrain  instrument  mounting  plate  are  aU 
mounted  on  a cell.  This  cell,  in  turn,  is  bolted 
either  to  the  lower  ring  girder  of  the  telescope 
tube  or  directly  to  the  ends  of  the  lower 
Serrurier  truss  members.  Usually,  only  four 
attachment  points  are  used  in  either  case. 

From  both  fabrication  and  operational 
standpoints,  it  is  best  to  use  a flat  cell;  that  is, 
a cell  that  is  not  cup4ike  in  cross^ection. 


Welded  fabrication  is  the  most  economical, 
with  top  and  bottom  plates  reinforced  by 
internal  webs  or  ribs.  Provision  should  be 
made  for  good  venting  of  all  cavities.  If  it  is 
planned  to  leave  the  mirror  on  the  cell  while 
aluminizing,  this  should  be  taken  into  con- 
sideration both  in  the  welding  procedure  and 
in  the  painting  of  all  surfaces.  The  weldment 
should  be  stress-relieved.  It  is  usually  best  to 
machine  all  the  upper  surface  of  the  cell  and 
the  outer  edge.  The  machining  of  the  lower 
surface  may  be  limited  to  the  mounting  sur- 
faces for  the  Coude'  No.  3 secondary  mirror, 
the  Cassegrain  mounting  plate,  and  miscel- 
laneous spot  facing,  as  required.  A symmet- 
rical layout  of  radial  and  chordal  webs  will 
also  effect  a reasonable  economy  in  fabri- 
cation. The  maximum  cell  deflection  is 
usually  limited  to  about  0.005  inch.  It  is 
emphasized  that  the  complete  cell  and  sup- 
port assembly  should  be  designed  for 
optimum  ease  of  removal  and  disassembly  of 
the  mirror  for  aluminizing. 

The  Cassegrain  mounting  plate  consists 
of  an  mstrument  mounting  plate,  ball-bearing- 
mounted  on  a base  assembly,  which  is  bolted 
to  the  underside  of  the  mirror  cell.  The 
present  trend  of  instrumentation  is  such  that 
the  capacity  of  this  unit  should  be  a minimum 
of  several  thousand  pounds  at  a moment  arm 
of  3 or  more  feet.  Provision  should  be  in- 
cluded for  marjual  rotational  positioning  and 
clamping  and  for  position  readout.  Although 
the  bearing  for  the  Cassegrain  mounting  plate 
should  be  of  good  quality,  it  is  unreasonable 
to  use  it  also  for  driving  during  an  obse^ 
vation.  For  this  purpose,  it  is  best  to  use  a 
precise  bearing  designed  into  the  instrument 
having  this  special  requirement. 

Jack  Pads 

Three  jack  pads  are  added  to  the  cell  to 
support  the  mirror  when  the  mirror  supports 
are  not  in  operation  or  when  any  or  all  of  the 
mirror  supports  have  been  removed.  With 
ai^pad  supports,  it  is  possible  to  combine  the 
jacking  and  collimating  functions  in  one  unit. 
Operation  of  the  jacks  is  from  the  back  of  the 
cell. 
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Resume  of  Existing  Support  Systems 

The  200-inch  Hale  Telescope  at  Mt. 
Palomar,  built  early  in  the  1930’s,  was  the 
first  ribbed  pyrcx  mirror  ever  made.  It  was  a 
pioneering  effort,  and  the  first  mirror  sup- 
ports (36  in  number)  had  excessive  friction 
problems.  Based  on  tests  and  a better  knowl- 
edge of  the  requirements,  a redesigned 
support  system  was  built  and  installed.  In 
Dr.  I.  S.  Bowen’s  article  on  the  200-inch  tele- 
scope, he  describes  these  supports: 

“The  mirror  is  mounted  on  thirty-six 
support  mechanisms  of  the  type  shown 
in  figure  3,  one  being  inserted  in  each  of 
the  thirty-six  holes  shown  in  the  mirror 
blank.  The  support  band,  B,  which 
makes  contact  with  the  nutror,  is  placed 
in  a plane  normal  to  the  optic  axis 
through  the  center  of  gravity  of  the  mir- 
ror. As  the  telescope  is  turned  away 
from  the  zenith,  the  lower  end  of  tne 
support  system,  including  the  wei^ts, 

W,  attempts  to  swing  about  the  gimbals, 

Gi,  and  thereby  exerts  a force  on  the 
band  B through  the  gimbab  Gj  Ji  the 
direction  normal  to  the  optic  axis.  The 
weights  and  lever  arms  are  so  adjusted 
that  the  force  exerted  just  balances  the 
component  in  the  opposite  direction  of 
the  pull  of  gravity  on  t!>e  section  of  the 
minor  assigned  to  this  support.  Like- 
wise, the  weights,  W,  pivot  about  bear- 
ings, P,  in  such  a way  as  to  exert  a force 
along  the  rod,  R,  which  is  transmitted  to 
the  ring,  S,  by  the  gimbals  Gj.  These 
wei^ts  and  lever  arms  are  likewise  ad- 
justed so  that  the  force  exerted  balances 
the  component  paralld  to  the  optic  axis 
of  the  pull  of  gravity  on  this  tame  sec- 
tion of  the  mirror.  The  mirror  is  there- 
fore floating  on  these  support  systems, 
and  no  forces  are  transmitted  acToct  the 
mirror.’’* 


*1.  S.  Bowen,  “The  20(blndi  Hale  Telescope,”  Tele- 
scopes, Sun  and  Stdkr  Systems,  ed.  by  Gerald  P. 
Kuiper  and  Barbara  M.  Middlehurst,  Vol.  I. 
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The  mirror  cell  is  cast  steel,  reflecting 
the  practice  and  costs  of  that  period.  It  is  a 
fiat  disc  with  four  attachment  brackets  bolted 
to  the  outer  rim.  Fans  have  been  installed  in 
the  lower  plate  openings  to  aid  in  air- 
conditioning  the  mirror  and  cell  during 
ambient  temperature  changes. 

The  120-inch  telescope  at  Lick  Obser- 
vatory, designed  and  built  after  World  War  II, 
profited  from  the  experience  obtained  with 
the  200-inch.  The  mirror  cell  is  of  welded 
construction  and  contains  18  mirror  supports 
for  the  ribbed  pyrex  mirror.  These  support 
units  are  removable  from  the  back  of  the 
mirror  cell  without  having  to  remove  the 
mirror.  Such  is  not  the  case  with  the  200-inch 
supports  This  requirement  was  a direct  result 
of  experience  with  the  200-inch  telescope. 
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Figure  4 shows  the  HCVinch  mirror 
support  system.  It  will  be  noted  that  the  axial 
and  radial  components  are  separate  com- 
ponents. In  general,  this  would  seem  to  be 
preferred  for  optimum  adjustment  The  radial 
load  is  carried  by  pad  ring,  P,  which  is 
balanced  by  weight  Wj  through  an  axial  bear- 
ing, B,  and  gimbal  Gj.  The  lever  is  gimbal- 
mounted  on  Gi . The  support,  S,  for  G]  is 
laterally  adjustable  with  respect  to  the 
assembly  mounting  plate,  MP,  which,  in  turn, 
is  laterally  adjustable  with  respect  to  the 
mirror  cell. 

The  axial  load  is  carried  on  ring  R,  which 
is  supported  on  three  gimbal-attached  push- 
rods,  PR,  that  are  adjustable  in  length.  The 
radi^  loading  of  ring  R itself  is  balanced  by 
counterwei^t  W, . The  axial  mirror  load  is 
balanced  by  weight  Wj , 

Three  of  the  axial  support  levers  are 
micrometer-controlled  for  collimation.  Two 
center-defining  units  are  located  in  diamet- 
rically opposed,  triangular  pockets  adjacent  to 
the  center  hole  in  the  mirror.  Both  coordinate 
adjustments  are  provided  in  the  two  units. 

The  cell  and  supports  for  the  84-inch 
telescope  at  Kitt  Peak  National  Observatory 
are  essentially  a copy  of  the  1 204nch  design 
with  the  following  exceptions: 

1.  The  axial  support  pushrods  are  of 
the  cone  point  and  socket  type. 

2.  Center  defining  is  accomplished  by 
the  radial  slotted  stops  referred  to  pieviciiriy 
in  figure  2. 

The  two  1 SO-inch  telescopes  for  the  Kiit 
Peak  National  Observatory  and  tl^;  Cerro 
Tololo  Inte^American  ObMrvatory  in  Chile 
have  solid  mirrors  of  fused  rilica  and  Cer-Vit, 
respectively.  These  mirrors,  158-ind!  outer 
diameter  by  24  inches  thick,  have  restively 
large  center  holes  with  SOlnch  inner  diam- 
eter. The  cell  is  a welded  fabrication  with  four 
attachment  brackets  bolted  to  the  outside 
riia  The  axial  supports  are  air  bags,  as  shown 
in  figure  1. 

The  radial  supports  consist  of  an  outer 
and  irmer  array  adth  24  units  in  each.  The 
outer  support,  shown  in  figures,  has  a 
counterbdanoed  pad  supported  at  A cm  the 
main  counterwei^t  lever.  This  lever  is 


MIRROR 


F!§un>5.  UmlSMiehoiaeriMiiUMipport. 


MAIN 

DVT 


1 


PHILOSOPHY  OF  MIRROR  SUPPORT  SYSTEMS 


pivoted  about  point  B on  a support  arm, 
which  is  pivoted  on  the  end  of  the  cell  and 
bears,  at  the  upper  end,  against  a temperature- 
compensated  support  mounted  in  the  ring 
girder  of  the  tube.  The  leverage  ratio  is  20:1. 

The  inner  radial  support,  shown  in 
figure  6,  is  a compound  lever  system  sup- 
ported in  pivots  A and  B.  Four  of  the  units 
are  used  for  center-defining.  The  pushrod  is 
temperature-compensated,  and  pad  weight  is 
balanced  by  the  counterweight,  CWT.  The 
ends  of  the  push  link  between  the  primary 
and  secondary  levers  are  cone  points.  The 
overall  leverage  ratio  is  73: 1. 

The  combination  jack  pad  and  colli- 
mating unit,  shown  in  figure  7,  is  provided 
with  a dual-range  load  cell:  0 to  1,000  pounds 
for  collimating  service  and  0 to  10,000 
pounds  when  used  as  a jack  pad.  The  rollers 
accommodate  differential  expansion.  Lead 
springs  support  the  load-cell  assembly  at  its 
center  of  gravity  so  that  no  moment  of  force 
is  added  to  the  mirror  or  to  the  load  cell  when 
the  telescope  is  pointed  away  from  the  zenith. 

Space  Telescope  Design 
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Figure  6.  The  ISO-inch  inner  support. 


Since  the  function  of  the  minor  sup- 
ports of  terrestrial  telescopes  is  to  simulate 
mirror  wei^tlessness,  support  units  are  not 
needed  for  space  telescopes.  Support  is 
needed  for  the  mirror  only  during  the  launch 
period,  and  then  only  to  protect  the  mirror 
against  excessive  loading  or  damage. 

Space  telescopes  do  require  defining 
units,  which  must  be  equipped  with  remote 
monitoring  and  controls.  These  units  should 
be  retracted  during  launch  (to  prevent 
damage)  and  then  used  to  lift  the  mirror  off 
the  launch  supports  into  operation  position 
after  the  telescope  is  in  orbit.  Temperature 
compensation  becomes  a more  rigorous 
requimment  for  space  telescopes  than  it  is  for 
terrestrial  telescopes. 

To  summarize,  it  would  appear  that  the 
only  elements  common  to  space  and  terres- 
trial mirror  support  assemblies  are  the 
defining  units  and  the  pravisions  for  the 
accommodation  of  differential  expansion 
between  the  mirror  and  the  support  assembly. 
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Figure  7.  The  1504neh  eonMnetkm  faek  pad  and 
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Considerations  in  the  D .sign  of  Orbital  Telescopes 
for  Dynamic  E'iviiormi  nts 


C.  E.  Li.,;r  <;i  R.  E.  Jewel! 

NASA  George  C.  ■•Hhll  Space  F >;’ht  Center 


Introduction 

Since  its  discovery  in  1608,  Ti,in  has 
been  fascinated  by  the  discoveries  that  the 
telescope  enabled  him  to  make  regarding 
those  heavenly  bodies  which  so  greatly  in- 
fluenced his  existence,  the  sun  and  the  moon. 
Through  the  development  of  larger  and  more 
powerful  telescopes,  astronomers  have  ac- 
quired increasin^y  detailed  knowledge  of 
these  bodies  and  have  delved  into  the 
mysteries  of  dis.ant  stars  and  other  galactic 
systems.  The  tt;nd  in  these  telescopes  has 
been  toward  ' irger  physical  sizes  and  greater 
weights  (up  tv  one  million  pounds),  with  loca- 
tions selected  and  mounts  designed  to  ex- 
clude, as  much  as  possible,  disturbances 
caused  by  base  motions  in  order  to  achieve 
measurement  accuracy.  The  most  severe 
“dynamic”  design  conations  for  these  tele- 
scope structures  and  components  were 
protobly  the  transportation  and  handling  con- 
ations prior  to  or  during  assembly. 

The  advantages  of  orbital  telescope 
operations,  for  both  terrestrial  and  celestial 
observation,  have  led  man  to  place  telescopes 
atop  fire-breathing  generators  of  acoustic  and 
vibratory  energy  (rockets)  in  order  to  accele^ 
ate  them  into  earth  orbit.  The  dynamic 
conditions  during  this  launch  operation  and, 
subsc‘''';cntly,  in  the  near-void  of  eartlt  orbit 
are  quite  contrary  to  the  past  liistory  of  tele- 
scopes (except  perhaps  when  subjected  to 
violent  eartliquakes  or  when  being  dropped 
from  the  top  of  the  “Leaning  Tower  of  Fisa.” 
A further  conq;>Ucation  arose  with  the  de> 
cision  to  couple  men  and  telescopes  in  orbital 
operations  in  order  to  gain  operational  flexi- 
bility and  other  advantages.  There  is  an  ob- 
vious incompatibility  between  man’s  nature 


and  the  requirement  for  quiescence.  Man 
must  breath;  he  is  usually  moring  about  in 
some  inefficient  way  and  often  coughs, 
sneezes,  scratches,  etc.  In  an  earth  observa- 
tory, these  actions  might  affect  only  his  as- 
sociates, but  in  an  orbital  observatory,  where 
measurements  of  radiation  from  a small  pre- 
cise area  of  the  sun  are  being  made,  they 
c*  uld  be  sufficient  to  ruin  an  ex;ieriment  un- 
le;>s  precautions  were  taken  in  the  system  de- 
sign. As  a result  of  these  significant  changes  in 
design  requirements,  it  was  quite  probable 
that  “new”  problems  would  be  encountered 
by  the  scientists  and  engineers  who  had  been 
working  in  the  area  of  telescope  system  design 
and  development  Similarly,  those  scientists 
and  engineers  who  had  previously  been  con- 
cerned with  the  problems  of  launching  men 
and  their  life-support  systems  into  orbit 
would  meet  “new”  challenges  in  the  develop- 
ment of  payload  sy:,.'ems  involving  large  but 
delicate  telescopes. 

It  is  the  intent  of  this  paper  to  describe 
the  dynamic  environments  (acoustic,  vibra- 
tion, ^ock)  that  a telescope  assembly  might 
see  for  a variety  of  launch  '-ehicles,  to  discuss 
cunent  state-of-the-art  approaches  to  design- 
ing for  these  environments,  and  to  discuss 
some  of  the  “unusual”  aspects  of  telescope 
design  for  dynamics.  The  paper  is  net  compre- 
hensive of  all  the  woric  that  has  been  done;  it 
will  reference  only  a few  cases  of  which  tite 
authors  are  aware  through  personal  activity 
and  through  a review  of  the  literature.  It  is 
hoped  that  as  a result  of  this  paper  the  reader 
will  be  convinced  (l)that  the  dynamics  en- 
vironments are  quite  important  and  should  be 
considered  throu^out  the  design  of  a tele- 
t.mpe  system  and  (2)  that  the  dynamic  be- 
havior of  a large  telescope  and  of  the 
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structure  tyin^it^o  iheMSUncH^Veljiclialft/ii^ 
orbital  assembly  cannot  be  treated  separately  ' 
but  must  be  considered  as  a dynamic  system 
in  most  cases. 

Dynamic  Environments  During  Launch 

The  dynamic  environment  of  a rocket 
launch  vehicle  in  the  “payload”  area  is  a con- 
stancy changing  combination  of  acoustic  and 
mechanical  excitation  and  response.  The 
principal  sources  of  energy  are  the  engine 
exhaust,  engine  vibration,  sudden  release  of 
stored  energy  from  engine  thrust  (holddown 
release  and  engine  cutofO  or  from  vehicle 
bending  moments  resulting  from  ground 
winds,  aerodynamic  turbulence,  buffeting, 
boundary  layer  shocks,  and  staging  opera- 
tions, including  pyrotechnic  devices,  engine 
startup,  and  shroud  deployment.  A com- 
parison of  typical  time  histories  of  vibration 
and  acoustic  levels  through  the  launch  phase 
and  the  frequency  variation  for  several  points 
in  time  along  these  curves  is  shown  in 
figure  1. 


Note  that  the  composite  (all  frequencies 
combined)  vibration  level  tends  to  generally 
follow  the  acoustic  level  since  the  acoustics 
source  provides  energy  over  the  entire  fre- 
quency spectrum  of  concern  and  is  a major 
contribution  to  payload  vibration.  The  rela- 
tive amplitudes  of  the  peak  acoustic  and 
vibration  levels  represented  in  the  figure  vary, 
depending  on  launch  vehicle  characteristics 
such  as  engine  acoustic  power,  vehicle  height, 
nose  cone  and  shroud  profiles,  and  vibro- 
acoustic  transfer  characteristics  of  the  pay- 
load  shroud  and  support  structure. 

Note  also  that  the  frequency  characteris- 
tics of  the  acoustic  environments  change  sig- 
nificantly through  the  launch  phase.  As  the 
vehicle  velocity  increases  to  near  Mach  1,  the 
spectrum  shifts  gradually  downward.  Above 
Mach  I,  at  maximum  aerodynamic  pressure 
(Max  Q),  the  spectrum  shifts  drastically  up- 
ward in  frequency.  The  primary  acoustic 
energy  source  at  lift-off  is  engine  noise,  and  at 
Mach  I and  Max  Q the  primary  source  is  aero- 
dynamic. The  shift  between  Mach  I and 
Max  Q is  a result  of  changes  in  flow  and 
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Rgure  1.  Comparison  of  typkai  acoustic  and  ribrutton  responses  for  pay^o^  regions  ofUunck  vehicles. 
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boundary  layer  characteristics,  which  vary  ’ Generalized  acoustic  data  for  several 
greatly  between  launch  vehicles.  launch  vehicles  are  provided  in  figures  2 

The  shifts  in  vibration  response  fre-  through  5.  These  data  are  presented  to  pro- 

quencies  are  also  significant.  The  sharp  vide  a “feel”  for  the  magnitude  of  environ- 

“spikes”  in  the  low-frequency  region  rep-  ments  that  can  be  expected  and  to  indicate 

resent  the  overall  vehicle  modal  responses,  the  degree  to  which  engine  acoustic  and  aero- 

which  are  excited  by  release  transients  and,  dynamic  data  from  an  extensive  collection  of 

later  in  flight,  by  wind  gusts  and  vehicle  vehicles  can  be  correlated  by  judicious 

maneuvers.  During  flight,  these  spikes  shift  selection  of  nondimensionalizing  parameters, 

upward  in  frequency.  This  shift  is  a steady  !t  is  reit  erated  that  the  configuration  of  the 

change  caused  by  expulsion  of  propellant  payload  throud  will  influence  both  the  ex- 
mass during  flight.  For  the  response  region  temal  and  internal  acoustics  and  vibrations 

above  200  hertz,  note  that  the  peak  in  the  and  will  be  of  considerable  importance  in  the 

response  spectrum  is  at  a slightly  higher  fre-  design  of  the  telescope  dynamic  system, 

quency.  This  is  the  result  of  decreased  vibro-  Figure  6 is  an  example  of  the  differences  in 

acoustic  efficiency  on  the  part  of  the  vibration  for  three  different  payloads 

aerodynamics  rather  than  any  change  in  launched  on  the  first  stage  booster, 

dynamic  system. 
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Dynamic  Environments  During  Orbital  Opera- 
tions 

Fortunately,  the  tiemendous  vibro- 
acoustic  environments  previously  discussed 
can  exist  only  in  the  atmosphere.  After  suf- 
ficient bum  time  to  insert  the  payload  into 
orbit,  the  unwary  dynamic  analyst  might 
think  that  all  will  be  calm  and  serene;  how- 
ever, it  is  this  poition  of  a mission  in  which 
the  most  insidious  problems  in  structural 
dynamics  can  occur.  If  the  system  is  not  re- 
quired to  reenter  the  earth’s  atmosphere,  the 
orbiting  configuration  is  often  one  from 
which  antennae,  solar  panels,  and  various 
structural  appendages  are  allowed  to  unfold 
and  protrude.  The  result  may  be  a dyna*^ic 
system  without  symmetiy  and  one  which  has 
the  appearance  of  being  extremely  fragile.  It 
is  true  that  for  its  own  coordinate  sysiem  it  is 
generally  at  rest  and  would  remain  so  up'ess 
some  perturbation  of  the  forces  acting  on  the 


system  occurs;  however,  the  sources  for  such 
perturbations  are  many  and  varied.  For 
example,  thrust  required  for  orbital  change  or 
course  correction  will  tend  to  “shock”  the 
sy  stem  into  response  of  its  many  modes.  At- 
titude control  system,  whether  for  the  whole 
orbiting  assembly  or  for  some  part  of  it,  will 
“ring”  the  resonances  of  the  dynamic  system. 
Operating  equipment  such  as  pumps,  fans, 
v^ves  or  any  reciprocating  or  rotating  mech- 
anisms will  provide  steady-state  input  forcing 
function.  In  addition,  man  himself  represents 
a significant  dynamic  forcing  functioa  His 
movements  in  and  about  the  spacecraft,  his 
involuntary  actions  such  as  heartbeat,  cough- 
ing, sneezing,  and  even  his  planned  actions  for 
the  accomplishment  of  an  experiment-all 
impart  energy  to  the  dynamic  system,  which 
will  respond  in  some  manner.  None  of  the 
forcing  functions  mentioned  would  normally 
present  any  significant  problems  with  regard 
to  the  integrity  of  the  structure,  but,  on  the 
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layer  as  a function  of  free-stream  dynamic  pressure. 


other  hand,  the  dynamic  responses  that  result 
may  prohibit  accomplishing  certain  precise 
and  delicate  experiments,  especially  those  ex- 
periments where  a high  degree  of  long-term 
stability  is  required. 

An  example  of  subsystem  dynamic  re- 
sponse that  can  result  from  the  operation  of 
onboard  equipment  is  shown  in  figure  7.  The 
analysis  was  carried  out  for  the  Apollo  Tele- 
scope Mount  (ATM)  spar  and  ring  assembly 
with  the  input  forcing  function  occurring  at 
the  gimbal  ring.  The  amplitude  of  the  forcing 
function  was  estimated  to  be  1.4  pounds  and 
was  treated  as  one  period  of  a sinusoid.  Note 
from  the  frgure  that  the  response  indicates  a 
significant  number  of  resonances  below  35 
hertz  and  that  a singular  input  from  the  yaw 
actuator  causes  displacement  response  in  all 
three  axes  as  well  as  a rotation  about  the  Y 


axis.  The  displacements  are  quite  small  and 
are  of  no  detiiment  to  the  structure;  however, 
continuous  displacements  of  th»s  type  for  a 
precise  optical  system  are  quite  significant. 

Recently,  the  autliors  encountered  an 
example  of  the  effect  of  man  on  the  orbiting 
mechanical  system.  An  experiment  was 
planned  to  study  the  reactions  of  liquid  under 
long-term  low-level  acceleration.  The  magni- 
tude of  acceleration  was  to  vary  as  a param- 
eter from  1(T*  to  KT*  g’s  referenced  to  one 
earth  g.  For  the  dynamic  system  that  was  con- 
sidered, it  was  very  quicldy  determined  that 
the  normal  voluntary  motions  of  the  astro- 
naut could  not  be  tolerated  because  the 
dynamic  acceleration  imported  to  the  experir 
ment  package  by  the  motion  of  a limb  was 
prohibitive  to  maintaining  the  constant  low 
acceleration  required.  An  indication  of  the 
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Figure  5.  Normalized  fractional  mean  square  pressure  per  cycle  in  the  turbulent  boundary  Iqyer. 


detail  to  which  the  problem  was  studied  is 
shown  in  figure  8.  Plotted  on  this  figure  is  the 
acceleration  response  vi'  the  orbital  system  to 
normal  heartbeat  and  to  a cough.  The  obvious 
conclusion  is  tiiat  such  inputs  would  cause  a 
relatively  large-scale  perturbation  of  the 
acceleration  parameter.  With  careful,  dynamic 
design  analyses,  however,  such  difficulties  can 
be  resolved.  Consultation  with  the  structural 
dynamicist  early  in  the  design  and  develop- 
ment phase  of  an  experiment  system  can  cope 
with  diese  types  of  problems. 


Effects  of  Dynamic  Environments  on 
Structures  and  Equipment 

The  telescope  structural  designer  should 
be  concerned  with  two  aspects  of  dynamic 
environment  effects;  (1)  the  capability  of  the 
structure  to  perform  its  design  functions  after 
exposure  to  severe  conditions  and 
(2)  detrimental  effects  of  structural  response 
on  attached  equipnwnt  and  systems.  The  first 
consideration  is  generally  one  of  structural 
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Figure  6.  Effect  of  payload  shroud  configuration  on  vibration  response  amplitudes. 
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/bure  7.  ATM  subsystem  dynanic  response  resulting  from  operation  oftmboard  equipment 
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(a)  Heartbeat:  resultant  accderation  output,  statitm  6.  (b)  Cougft:  resultant  acceleration  output,  station  6. 

Figure  & Orbiting  system:  dynamic  mediations  resulting  from  crew  motion. 


Designing  for  Dynamic  Environments 


strength;  the  second  is  one  of  structural 
refinement. 

The  severe  acoustic,  vibration,  and  shock 
environments  of  launch,  boost,  and  docking 
can  result  in  stresses  that  cause  failure  or 
permanent  deformations  in  suuctural  mem- 
bers. Joints  tend  to  loosen,  mating  parts  wear, 
and  flaws  in  welds  and  solder  joints  tend  to 
propagate  under  exposure  to  these  conditions. 
As  a result,  critical  alignments  may  change: 
bearing  performance  may  deteriorate;  and 
electronics  can  malfunction. 

The  quasi-sinusoid,  discrete-frequency, 
and  transient  environments  have  their  most 
significant  effects  when  their  characteristic 
frequency  coincides  closely  with  structural 
and  equipment  resonant  frequencies  and 
when  the  responses  are  amplified. 

The  random  environments  have  their 
most  significant  effects  when  structural  and 
equipment  resonances  occur  in  frequency 
bands  where  high  vibration  or  acoustic  energy 
is  concentrated;  however,  problems  can  be  en- 
countered over  a wide  frequency  range  be- 
cause the  energy  is  usually  broadly 
distributed.  Random  environments  have  the 
capability  of  exciting  several  resonances 
simultaneously,  with  random  phase  relation- 
ships, thereby  increasing  the  relative  displace- 
ments of  adjacent  parts. 


The  design  of  a new  payload  for  a launch 
vehicle  for  the  dynamic  environments  of 
launch  and  orbital  operations  involves  two 
major  technologies:  ( 1 ) environmental  pre- 
diction or  definition  and  (2)  design  analyses. 

Environmental  prediction  or  definition 
methods  fall  generally  into  two  categories: 

(1)  methods  based  strictly  upon  analytical 
treatment  of  the  launch  vehicle  and  payload 
parameters  (e.g.,  thrust,  aerodynamic  pres- 
sures, skin  thicknesses,  velocity,  etc.)  and 

(2)  methods  involving  interpolation  or  extrap- 
olation of  previously  acquired  data  from  the 
same  or  similar  launch  vehicles. 

Several  techniques  for  predicting 
acoustic  levels  due  to  the  turbulent  mixing  in 
rocket  exhaust  are  well  documented  in  the 
literature.  The  most  widely  used  is  a semi- 
enq>irical  method  developed  by  Dyer  in  which 
he  describes  the  general  features  of  the  sound 
field  as  a function  of  the  functional  and 
geometric  features  of  the  rocket  engine.  His 
method  accounts  for  the  effects  of  the 
acoustic  near-field,  the  longitudinal  and  ch^ 
cumferential  correlation  of  the  pressures  on  a 
cylindei  in  the  field,  and  the  effects  of  vehicle 
motion.  Estimates  of  the  engine-generated 
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acoustic  environment  obtained  by  using  the 
basics  of  Dyer’s  method  have  given  excellent 
engineering  results. 

Methods  fc:  estimating  the  aerodynamic 
noise  environment  are  more  varied.  This  is 
true  mainly  because  the  flow  over  the  struc- 
ture and  the  associated  boundary  layer 
conditions  are  rapidly  changing.  The  root- 
mean-square  fluctuating  pressure  can  range 
from  one  percent  to  as  much  as  1 5 percent  of 
the  free-stream  dynamic  pressure  around  the 
vehicle.  The  actu^  value  at  a particular  point 
on  the  structure  is  a function  of  the  vehicle 
trajectory  and  the  overall  a.id  localized 
geometry.  No  one  technique  can  be  singled 
out;  however,  a summarization  is  given  in  a 
state-of-the-art  monograph  on  random  noise 
and  vibration  sponsored  by  the  Shock  and 
Vibration  Information  Center. 

The  random  vibration  levels  during 
launch  and  boost  in  the  payload  areas  are 
directly  related  to  these  acoustic  environ- 
ments. Most  of  the  techniques  for  predicting 
these  random  levels  are  described  in 
reference  1 . The  most  widely  used  methods 
are  generally  wholly  empiric^  and  represent 
extrapolation  techniques  similar  to  those  pro- 
posed initially  by  Mr'  affey  and  Smith.  As 
many  as  a dozen  or  so  variations  have  evolved 
from  their  basic  approach,  each  one  attempt- 
ing to  improve  the  prediction  scheme  through 
the  uso  of  new  data  or  better  stmctural  defini- 
tion. At  the  other  end  of  the  “analysis  spec- 
trum” are  the  totally  classical  analytical 
approaches,  which  are  excellent  for  predicting 
response  of  the  first  few  natural  inodes  of 
vibration  but  fail  miserably  to  define 
adequately  the  higher  frequency  part  of  the 
response  spectrum. 

A rather  new  approach  has  been  sug- 
gested by  Lyon,  Dngar,  et  al.  This  technique 
is  known  as  “statistical  energy  analysis,”  in 
which  the  system  is  known  to  possess  a large 
number  of  modes  in  a given  frequency  band- 
width and  a concept  of  structural  modal  den- 
sity is  used.  The  detail  of  the  individual 
modes  are,  for  this  analysis,  deemed  to  be 
unimportant  Tlie  energy  of  each  mode  (and 
therefore  of  each  bandwidth)  can  be  esti- 
mated solely  as  a function  of  system  damping. 
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Individual  bandi^idth  responses  are  cal- 
culated, and  the  entire  response  spectrum  can 
be  established  in  an  incremental  fashion.  A 
unique  feature  of  this  approach  is  for 
complicated  structures,  amazingly  simple 
formulae  can  be  developed  that  provide 
generally  excellent  results  in  the  upper  part  of 
the  frequency  spectrum.  The  method  has 
proved  to  be  useful  for  estimating  the  vibra- 
tion environment  in  launch  vehicles  wiiere  no 
applicable  empirical  approach  is  available. 

The  low-frequency  “vehicle  dynamics” 
quasi-sinusoid  environments  must  be  derived 
from  vibration  analyses  of  the  entire  launch 
vehicle  system  with  applied  forcing  functions 
such  as  holddown  release,  ground  winds, 
flight  wind  gusts,  engine  gimbals,  engine  cut- 
offs, staging,  engine  startings,  etc.  These 
analyses  are  normally  done  as  separate  lateral 
and  longitudinal  analyses,  assuming  neg^gible 
coupling.  Previous  flight  data  may  also  be 
used  to  refine  the  accuracy  of  these  analyses, 
particularly  from  the  standpoint  of  assumed 
damping  values. 

Because  almost  no  orbital,  environ- 
mental, dynamic  data  is  available,  prediction 
of  t!ie  levels  encountered  in  orbital  operations 
is  almost  purely  analytical.  Various  forcing 
functions  and  perturbations  can  be  (and  have 
been)  defined,  as  in  references  2 and  3,  but 
tliese  must  be  analytically  applied  through 
dynamic  response  programs  to  derive  accelera- 
tions for  structure  and  equipment. 

In  all  uf  these  steps  to  define  the 
emironments  for  a new  payload,  it  must  be 
renembered  that  the  statistical  characteristics 
must  be  identified  and  maintained.  For 
example,  the  dynamic  levels  calculated  from 
response  analyses  for  wind  gusts  or  engine 
shutdown  must  be  in  terms  of  the  probability 
of  occurrence  of  those  wind  gusts  or  shut- 
do'vn  conditions  (thrust  tail-offs).  If  the 
design  goal  of  confidence  is  established  early 
in  the  program,  the  values  may  be  expressed 
consistently  in  terms  of  this  confidence  level; 
hov'ever,  the  statistical  definition  should  not 
be  lost  nor  forgotten. 

Once  the  environment  has  been  pre- 
dicted or  defined  and  expressed  in  terms  of 
design  criteria,  it  is  the  task  of  the  structural 
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designer  and  analyst  to  provide  assurance  that 
the  structure  can  withstand  those  criteria  and 
still  perform  its  functions  and  that  the 
response  conditions  imposed  on  attached 
equipment  and  systems  will  not  exceed 
specified  limits.  The  tools  in  this  work  are 
(l)the  mathematical  and  analog  models  of 
the  structural/mechanical  system  and  (2)  the 
high-speed  digital  and  analog  computers, 
which  extract  modal  frequencies,  mode 
shapes,  and  responses  to  the  specified  forcing 
functions. 

The  methods  of  mathematical  formular 
tion  of  dynamic  analysis  models  for  solution 
of  free  (natural)  vibration  mode  shapes  and 
frequencies  of  structures  can  be  categorized 
by  the  governing  equations  into  (1)  energy 
methods,  (2)  differential  equation  methods, 
and  (3)  integral  equation  methods.  There  are 
numerous  examples  of  each  category;  refer- 
ences 4 and  S provide  excellent  descriptions 
of  many  of  them.  The  energy  methods  are 
based  upon  application  of  one  or  more  of  the 
principles  of  mechanical  energy  and  make  use 
of  assumed  displacement  functions  without 
strict  adherence  to  boundary  conditions.  The 
differential  equation  methods  require  the 
application  of  boundary  conditions,  and  solu- 
tions must  explicitly  satisfy  those  conditions. 
The  integral  equation  methods  involve  use  of 
influence  functions,  which  implicitly  satisfy 
the  boundary  conditions  but  are  not  applied 
in  order  to  solve  the  equations. 

The  response  amplitude  to  a dynamic 
forcing  function  (disfdacement,  force,  accele^ 
ation,  pressure,  etc.)  may  be  c^culated 
throu^out  a structural  or  mechanical  system 
by  several  methods.  These  methods  include 
frequency  response  methods  and  normal 
mode  methods.  In  these  methods  of  response 
calculation,  the  role  of  damping  is  critical  to 
the  accuracy  of  the  results,  and,  wherever 
possible,  empirical  data  from  laboratory  tests 
and  previous  flights  of  similar  structure 
should  be  used  in  the  estimation  of  damping. 
References  4 and  5 give  detailed  treatment  of 
these  methods  and  the  use  of  computers  in 
their  application  to  all  types  of  forced 
response  problems. 

The  dynamics  analysis  work  on  any  large 
telescope  (or  other  payload)  system  should  be 


an  integral  part  of  the  desi^  program.  As 
soon  as  sufficient  information  on  weight, 
dimensions,  and  structural  arrangement  is 
available,  a simple  analysis  model  should  be 
formulated  and  preliminary  frequency  and 
mode  shapes  derived.  Such  models  may  be 
effectively  used  in  selecting  optimum  con- 
figurations fron>  several  candidates  and  will 
aid  in  the  environmental  vibration-level 
predictions.  As  individual  subsystems  and 
components  are  designed,  the  model  should 
be  improved  to  include  mass  and  stiffness  dis- 
tribution;  and  forced  response  programs 
should  be  accomplished.  These  analyses  will 
provide  the  design  with  interface  and  internal 
design  loads  as  well  as  response  vibration 
acceleration  and  displacements.  Figure  9 
shows  the  possible  integration  of  dynamics 
analysis  into  a design  program. 

Some  additional  derivatives  from  the 
dynamics  analyses  are: 

1.  Indication  of  need  for  development 
tests  to  define  unknown  characteristics 

2.  Indication  of  design  weaknesses  and 
areas  where  changes  are  desirable  (dynam- 
ically) 

3.  Indication  of  effects  of  proposed 
design  changes  on  system  dynamics 

4.  Dynamic  transfer  functions  for  use 
in  specification  of  equipment  design  and  test 
levels. 

Special  Considerations  for  Telescope  * 
Assemblies  and  Equipment 

Large  orbital  telescopes  have  certain 
characteristics  which  impose  unusual 
dynamic  constraints  on  the  designers.  Some 
of  the  most  important  ‘‘different’*  characte^ 
istics  are:  (l)the  large  physical  dimensions 
(focal  length,  mirror  and  barrel  diameters), 

(2)  close  tolerances  on  alignment  of  surfaces, 
axes,  apertures,  etc.,  which  are  quite  distant 
from  each  other,  (3)  heavy  weights  of  compo* 
nents  and  telescope  structure  relative  to 
support  structure  ^ght,  (4)  high  stiffnesses 
of  telescopes  relative  to  support  structure 
stiffness,  (5)  low  rigid-body  frequencies  of 
telescopes  on  their  mounts,  and  (6)limita-  ; 
dons  on  allowable  distortions  due  to  thermal  i 
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Figure  9.  Dynatnic  support  of  design 


and  other  orbital  conditions,  such  as  astro- 
naut motions. 

In  the  normal  dynamic  analysis  of  space- 
craft, it  is  often  assumed  that  the  equipment 
and  experiments  are  “lumped  masses”  located 
at  discrete  poiiits  on  the  structure  and  that, 
because  of  the  usually  small  dimensiom  and 
weights  of  these  items,  analysis  results  are  suf- 
ficiently accurate.  For  a system  involving  one 
or  more  large  telescopes,  however,  this 
assumption  cannot  be  made  because  of  the  six 
characteristics  mentioned  above.  The  tele- 
scope and  the  structure  that  supports  it 
during  launch  and  in  orbital  operation  must 
be  analyzed  as  a dynamic  system,  with  the 
mass  and  stiffness  distribution  of  the  tele- 
scope modeled  as  carefully  as  that  of  the 
structiu-e.  Early  analyses  of  the  ATM  canister 
assumed  the  telescopes  to  be  lumped  masses 
located  at  the  po*nts  where  they  attached  to 
the  “spar”  structure:  these  analyses  were  later 
found  to  be  significantly  in  error,  both  in 
loads  and  frequencies. 

Because  of  the  requirement  for  close 
tolerances,  both  internal  to  the  telescope  and 
with  respect  to  structural  bench  marks  and 


axes,  the  use  of  vibration  and  shock  isolators 
of  conventional  design  is  practically  impossi- 
ble. This  problem  is  further  complicated  by 
the  limitations  on  thermal  transfer  and  on 
material  properties  (outgassing,  etc.).  This 
limits  the  variety  of  approaches  a designer  or 
dynamicist  can  take  to  solve  dynamic 
response  problems. 

Another  result  of  the  above  character- 
istics of  large  telescopes  is  that  the  critical 
system  resonances  are  quite  low  in  frequency, 
well  below  SO  hertz.  This  means  that  the 
highest  response  loads  may  caused  by 
“vehicle  dynamics"  vibration  levels,  which  are 
difficult  to  predict  in  amplitude  for  new 
vehicle  systems.  Therefore,  the  dynamicist 
must  carefully  analyze  for  response  to 
“vehicle  dynamics.” 

A special  consideration  in  telescope 
design  for  dynamic  environments  is  the  sus- 
ceptibUity  of  ce^iain  types  of  components  to 
acoustics.  These  types  are  characterized  by 
large  surface  areas  and  relatively  light  weight, 
such  as  thin  printed-cdrcuit  boards,  heater 
panels,  and  electronics.  A method  of  calcu- 
lating response  stresses  for  simple  panels  is 
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given  in  refer  ;nce  6;  however,  development  or 
qualificaticn  tests  should  be  performed 
whenever  th  ;re  is  doubt  about  acoustic  sus- 
ceptibility. References  7 through  1 1 provide 
further  det  died  considerations  of  acoustic 
environmenis  and  their  effect  on  equipment. 
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Introitoction 

In  recent  years,  the  finite  element 
method  of  matrix  structural  analysis  has 
gained  wide  acceptance  in  the  engineering 
community  for  the  solution  of  structural 
nroblems.  Along  with  this  trend,  NASA  began 
the  development  of  a generabpurpose  com- 
puter program  based  upon  this  technology  for 
use  in  the  analysis  of  large  and/or  complex 
structures.  The  NASTRAN*  computer  pro- 
gram (ref.  1 ) is  the  result  of  these  efforts,  and 
with  this  and  other  finite  element  programs 
comes  the  opportunity  lor  the  solution  of 
both  static  and  dynamic  structural  problem', 
heretofore  umvoatable. 

t )ne  area  of  application  in  which  the 
finite  element  method  holds  much  promise  is 
that  of  prediction  of  thermal  deformations  in 
orbiting  spacecraft.  Study  in  this  area  is 
taking  place  at  the  Goddard  Space  Flight 
Center  as  part  of  the  Stnirtural-Thermal- 
Optical  Program  (STOP),  which  has  as  its 
objective  the  development  of  analytical  tech- 
niques and  procedures  fo'  use  in  predicting 
the  thermal  deformations  and  optical  degrada- 
tions in  a structural  system  from  a knowledge 
of  thermal  heating  rates  and/or  temperature 
gradients.  Another  area  of  application  of  these 
methods  at  Goddard  is  that  of  detailed  dy- 
namic analysis  of  spacecraft  structures. 

This  paper  piesents  a review  of  this  work 
as  it  pertains  t<*  space  telescopes  and  attempts 
to  identify  problem  areas  associated  with  the 
analysis  of  this  type  of  stiuctuie.  A back- 
ground oiscussiun  of  tl«c  finite  element 
metho  1 as  it  is  applied  to  static  thermal  defo^ 
roation  problems  and  to  thermally  induced 

\ Analysis  Program. 


vibration  problems  is  included.  Work  being 
done  under  the  STOP  Project  is  summarzed, 
and  examples  of  the  two  gen'’ral  classes  of 
thermal  deformation  problems  considered  in 
this  program  are  given.  In  addition,  an 
example  of  the  treatment  of  thermally 
induced  vibrations  of  a flat  plate  is  included 
to  demonstrate  the  applicability  of  the  finite 
element  method  to  this  class  of  problem. 

The  free  vibration  analysis  of  the  OAO 
spacecraft,  as  performed  at  Goddard,  and  its 
correlation  with  OAO  modal-survey  tests  is 
described.  A discussion  of  the  reduction 
scheme,  utUized  to  reduce  the  size  of  the  fre- 
quency model  for  use  in  an  independent 
force(^response  analysis  of  the  entire  launch 
vehicle  and  spacecraft,  is  also  presented. 

The  paper  concludes  with  a summary  of 
problem  areas,  plans  for  future  work,  and  a 
discussion  of  the  potential  of  the  fmite  ele- 
ment method  in  the  analysis  and  de^gr.  of 
optical  space  telescopes. 

Thermal  Deformation  Predictions  by  Finite 
Elements 

Background 

The  m;'•^'■  ''-  ^<iplaccment  formulation  of 
the  static  and  ; ;namic  thermal  deformation 
problem  is  i*  i-ie  following  devdepment 
(refs.  2,  3,  anc'  4y.  Aii  of  the  usual  assump- 
tions of  Imeaz  dasticity  are  employed,  and 
the  conversion  of  mechanical  energy  intc  heat 
is  neglected.  With  this  latter  assumption,  the 
determination  of  the  temperature  distribution 
in  the  structure  is  uncoupled  from  the  elas- 
ticity problt^ni  and  may  be  obtained  by 
independent  analysis  or  test. 

In  the  finite  elonent  approach  to  struc- 
tural analysis  problems,  the  body  to  be 
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analyzed  is  idealized  to  a ^fw 
composed  of  an  assemblage  ‘ of  •finkewita- 
tural  elements  joined  at  grid  points.  The 
individual  discrete  elements  have  known 
elastic  properties  defined  by  a number  of  grid 
point  degrees-of-freedom,  which  ar<*  sufficient 
to  represent  the  stress  and  displacement 
beliavior  of  the  element  adequately.  Because 
thermoelasticity  problems  may  be  considered 
as  initial  strain  problems  and  because  the 
initial  strains  may  be  treated  as  additional 
mechanical  loads  acting  on  the  elements,  one 
may  write  the  force-displacement  relations  for 
the  thermally  strained  i^^  element  by  the 
stiffness  equation 

|x|i=lk]i|u|i  + |xTh  (1) 

where 

Ixh  ~ forces  acting  at  the  grid  points  of 
element  i 

(kl } ~ stiffness  matrix  of  element  i 

lulj  «^d  point  displacements  of 
element  i 

I Xt  I . thermally  equivalent  mechanical 
i loads  acting  at  the  grid  points  of 
element  i 

The  equivalent  mechanical  loads  |X'j|  j are 
obtained  as  those  required  to  remove  the 
initial  thermal  strains  in  the  discrete  element. 

Assembly  of  the  element  matrices, 
equation  1,  to  form  the  idealized  structure 
results  in  the  foUowing  set  of  equations 
describing  the  static  behavior  of  the  structure. 

ixl  = [K]  ju}+  jXxf  (2) 

where 

Ixl*^  external  applied  loads  acting  at 
the  grid  points  of  the  assembled 
structure 

[K]  stiffness  matrix  of  the  assembled 
structure 


point  displacements  of  the 
assembled  structure 

|Xt|  ~ thermally  equivalent  mechanical 
loads  acting  at  the  grid  points  of 
assembled  structure 

In  equation  2,  the  equivalent  mechanical 
loads  acting  at  a grid  '>oint  of  the  assembled 
structure  are  obtained  as  the  vectorial  sum,  at 
the  grid  point,  of  the  loads  |X-j|  j of  all  ele- 
ments joined  at  that  grid  point. 

In  many  practical  problems,  the  temper- 
ature variations  in  the  structure  change 
rapidly  with  time,  and  the  effects  of  inertia 
cannot  be  neglected.  In  these  cases,  the  study 
of  thermally  induced  vibrations  by  finite 
element  techniques  can  be  accomplished  by 
modification  of  equation  2 to  include  inertia 
effects.  Using  the  well-known  principle  of 
d’Alembert,  the  negatives  of  the  inertia  forces 

- [M]  lul  (3) 

where 

IM]  ~ mass  matrix  of  the  assembled 
structure 

{ U f ~ grid  point  accelerations  of  the 
assembled  structure 

are  treate-'  as  additional  applied  loads  acting 
on  the  structure.  In  addition,  the  equivalent 
mechanical  loads  become  time-dependent 
forcing  functions.  Thus,  from  equations  2 and 
3 for  the  case  of  no  externally  applied 
loading,  we  can  write 

[M]  {u}  + IK]  lu[  = -|X(t)}  (4) 

Examination  of  equation  4 shows  that 
the  problem  of  thermally  induced  vibrations 
in  finite  element  structures  is  reduced  to  that 
of  obtaining  the  dynamic  response  to  a forced 
vibration  in  which  the  external  fordng  func- 
tions become  the  negatives  of  the  equivalent 
mechanical  loads.  Upon  the  determination  of 
|Xt|  a function  of  time,  t,  and  imposition 
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of  boundary  conditions,  equation  4 is  solved 
for  the  unknown  grid -point  displace- 
ments {u  (t)|  of  the  idealized  structure. 

Equations  2 and  4 describe  the  mathe- 
matical problem  to  be  solved  by  the 
NASTRAN  computer  program  in  the  solution 
of  static  or  dynamic  thermal  deformation 
problems  from  known  temperature  distri- 
butions. In  general,  input  to  the  NASTRAN 
program  consists  of: 

1 . Program  control  definition 

2.  Coordinate  system  definition 

3.  Grid  point  definition 

4.  Finite  element  type  definition 

5.  Material  property  definition  (temper- 
ature dependent,  orthotropic) 

6.  Geometric  constraints  (including 
boundary  conditions) 

7.  Grid-point  temperature  information 
and/or  thermally  equivalent  mechanical  loads 

8.  Output  solution. 

With  this  data,  the  program  automatically 
assembles  the  stiffness  and  mass  rratrices  of 
tne  assembled  structure,  calculates  and/or 
assembles  the  equivalent  mechanical  loads*, 
applies  geometric  constraint*!,  and  solves  for 
the  required  grid-point  deflections. 

Structural-Thermal-Optical  Program 

Tlie  overall  objective  of  the  Structural- 
Thermal-Optical  Program  (STOP)  at  Goddard 
is  the  development  of  methods  for  deter- 
mining structural  deformations  and  optical 
degradations  in  a system  from  knowledge  of 
the  temperature  gradients  and  thermal  inputs. 
As  both  the  title  of  the  project  and  its  objec- 
tive imply,  the  program  is  an  interdisciplinary 


*For  static  analysis,  the  prograiri  automatically  calcu- 
lates and  assembles  the  equivalent  mechanical  loads 
from  input  grid-ncint  temperatures  for  inclusion  of 
the  effects  of  axial  (beams)  and  planar  (plates) 
thermal  expansion  and  contraction.  For  analysis  of 
transverse  temperature  gradients  across  the  thick- 
ness of  elements  and  for  time-dependent  analyses, 
equivalent  mechanical  loads  must  he  obtained 
external  to  the  NASTRAN  program  and  entered  by 
the  user  at  structural  grid  points. 
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study.  The  following  discussion  focuses  on 
the  structural  aspects  of  this  program. 

Two  general  classifications  of  thermal 
deformation  problems  as  they  relate  to 
orbiting  optical  telescopes  have  been  iden- 
tified for  investigation  by  the  STOP  program. 
The  first  of  these  deals  with  the  prediction  of 
thermally  produced  misalignments  of  the 
spacecraft  that  result  in  pointing,  guidance, 
tracking,  and  similar  alignment  problems.  The 
second  class  of  problems  concerns  loss  of 
optical  performance  due  to  thermal  defor- 
mations of  major  optical  surfaces  of  the 
experiment.  The  division  into  two  classes  is 
not  intended  to  be  considered  rigid  since 
alignment  problems,  for  example,  cannot  be 
ignored  when  evaluating  the  optical  perfor- 
mance of  the  telescope.  For  analysis  purposes, 
however,  this  division  is  desirable  because 
analytical  techniques  and  discipline  interfaces 
do  tend  to  differ  according  to  these  two  clas- 
sifications. 

In  this  paper  are  descriptions  of  three 
examples  of  static  thermal  deformation 
studies  performed  to  exercise  and  to  evaluate 
the  thermal  and  structural  analytical  pro- 
cedures and  computer  programs  available  at 
Goddard  and  also  to  identify  associated 
problem  areas.  The  first  two  are  examples  of 
the  alignment  type  of  problem;  the  third  is  an 
example  of  a thermal  deformation  study  of  a 
structural  component  typical  of  a major 
optical  surface. 

Example  1:  OAO  Star-Tracker  Align- 
ment  Analysis.  The  star-tracker  study  (refs.  5 
and  6)  was  undertaken  to  investigate  the 
feasibility  of  both  thermal  and  structural 
analytical  procedures  and  to  test  techniques 
to  obtaui  the  thermal  deformations  of  a 
critical  guidance  component  of  the  Orbiting 
Astronomical  Observatory  (OAO)  spacecraft. 
A longitudinal  OAO  star-tracker  mount  in- 
stalled in  a thermally  controllable  bay  was 
utilized  for  this  investigation. 

As  indicated  in  the  star-tracker  mount 
test  configuration  shown  in  figure  1,  two 
Goddard-developed  microtilt  sensors*  were 


*The  microtilt  sensor  was  developed  by  the  Test  and 
Evaluation  Division  at  Goddard.  It  is  a device  for 
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TOP  SECTION  REMOVED 
4Y 


MICRO-TILT  SENSOR  NO.  1 


ADAPTER  PLATE 


NYLON  INSULATOR  (4  PUCES 


NYLON  BRACKET  (TYP) 

MICRO-TILT  HOUSING 


^MICRO-TILT  SENSOR  N0.2 
Figure  1.  Schematic  ofstar-tnwk^  mount  in  its  STOP  test  configuration. 


attached  to  the  structure.  Tilt  sensor  #1  was 
placed  at  the  top  of  the  mount  on  the  adapter 
plate  near  the  point  at  which  the  actual  star 
tracker  would  be  movmted,  and  tilt  sensor  #2 
was  attached  to  the  test  support  X-ftame  (a 
welded  stainless  steel  frame  of  1.0-inch  by 
l.O-inch  steel  stock)  to  which  the  four  feet  of 
the  star-tracker  mount  and  the  heater  plate 
were  both  bolted.  This  complete  assembly 
was  suspended  in  an  evacuated  and  cooled 
vacuum  chamber,  after  which  the  thermal 
deformation  test  was  run  over  a period  of 
approximately  2 weeks.  (The  primary  reason 
for  such  a long  test  period  was  that  approxi- 
mately 40  hours  was  required  by  the  star- 


measuring minute  angular  displacements.  Basically, 
the  sensor  is  a simple  pendulum  whose  shaft  is  fitted 
with  two  pairs  of  semiconductor  strain  gages 
mounted  on  mutually  perpendicular  axes.  Any 
angular  movement  with  respect  to  gravity  will 
produce  a distortion  in  the  corresponding  pairs, 
thereby  providing  a measure  of  the  angle  of  rota- 
tion. The  design  goal  was  a usable  sensitivity  of 
C.l  arc  seconds. 


tracker  mount  to  reach  steady-state  from  level 
to  level  for  thermal  analysis  correlation.) 
Relative  rotation  measurements  of  the  Y-axis 
for  correlation  with  analysis  were  obtained  as 
the  difference  indicated  between  the  two 
microtilt  sensors  at  four  steady-state  temper- 
ature conditions. 

The  finite  element  model  of  the  star- 
tracker  mount  is  shown  in  figure  2.  The 
model  includes  representation  of  the  star- 
tracker  mount-leg  assembly  attached  at  its 
upper  ends  to  the  adapter  plate  and  at  its 
lower  ends  to  the  test-support  X-frame  and 
heater  plate.  The  model  required  3Sgrid 
points,  52  finite  elements,  and  209  uncon- 
strained degrees-of-frcedom;  i.e.,  rotations 
and  displacements. 

Beam  elements  were  used  for  the  repre- 
sentation of  the  adapter  plate,  leg  assembly, 
and  the  test-support  X-ftame.  The  heater 
plate  was  represented  using  four  triangular 
plate  elements.  With  the  use  of  the  above 
elements,  both  extonsional  and  bending 
behavior  is  accounted  for  in  the  model.  In 
addition,  the  beam  elements  representing  the 
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Figure  2.  Finite  dement  model  of  star  tracker  in 
its  STOP  test  configuration, undeformed  shape. 

adapter  plate  were  constrained  against 
ben^g.  These  constraints  conform  to  the 
assumptions  that  no  temperature  gradients 
exist  through  the  thickness  of  the  adapter 
plate  (this  being  conflrmed  by  test),  wiiich 
would  cause  bending  out  of  the  plane  of  the 
adapter,  and  that  the  bending  stiffness  of  the 
adapter  is  such  that  bending  of  the  adapter 
from  mechanical  loads  may  be  neglected. 

With  input  grid-point  temperatures  ob- 
tained experimentally,  the  NASTRAN  pro- 
gram automatically  calculated  the  required 
equivalent  mechanical  loads  for  inclusion  of 
the  effects  of  axial  thermal  expansion  and 
contraction  of  the  beam  elements  and  the 
pluiter  expansions  and  contractions  of  the 
flat,  triaiigular,  plate  elements.  The  effects  of 
transverse  temperature  gradients  existing 
through  the  thickness  of  the  X-frame,  how- 
ever, were  included  by  directly  inputting 
equivalent  mechanical  loads  at  the  giid  points 
corresponding  to  the  X-frame.  For  a tempera- 
ture distribution  '/arying  linearly  across  the 
thickness  and  with  a sectional  distribution  re- 
maining invariant  along  the  length  of  a uni- 


form rectangular  section  beam,  the  required 
equivalent  mechanical  moments,  Mj  , to  be 
applied  at  the  ends  of  the  i^^  beam  element 
can  be  shown  to  be  given  by 


where  Ej  = modulus  of  elasticity  of  beam 
element  i 


Ij  = moment  of  inertia  of  beam 
element  i 

Uj  = coefficient  of  thermal  expan- 
sion of  beam  element  i 

-X-®  “ temperature  difference  between 
* * the  upper  and  lower  surfaces  of 

beam  element  i 

hj  = thickness  of  beam  element  i 

For  the  structural  analyses,  the  grid  point  cor- 
responding to  the  attachment  point  on  the 
X-frame  of  the  #2  microtilt  sensor  was  rigidly 
constrained  from  all  motion  so  that  all  analyt- 
ical deflection  predictions  for  the  model  were 
made  relative  to  this  point. 

Table  1 gives  both  experimental  and 
analytical  results  of  the  Y-axis  relative  rota- 
tions measured  from  the  liquid-nitrogen 
(LN2)  case  (i.e.,  both  theory  and  experiment 
are  zeroed  at  the  LN2  condition).  The  liquid- 
nitrogen  condition  corresponds  to  the  test 
chamber  evacuated  to  1 x 1(T*  torr  by 
mechanical  and  diffusion  pumps  and  liquid 
nitrogen  crculated  to  the  walls  of  the 
chamber.  Figure  3 shows  the  deformed  star 
tracker  corresponding  to  the  hot  temperature 
case.  The  deformations  shown  in  this  figure 
are  greatly  exagierated  for  viewing. 

From  table  1 , it  is  seen  that  agreement 
between  analysis  and  experiment  should  be 
the  cause  of  much  optimism  when  consider- 
ation is  given  to  the  magnitude  of  the  thermal 
rotations  under  investigation.  One  must  also 


406 


OPTICAL  TELESCOPE  TECHNOLOGY 


Table  1.  Star-Tracker  Y-Axis  Thermal  Rotations:  A 
Comparison  of  Analytical  and  Experimental 
Results 


Analytical  Predictions 

Test  Measurements 

Test 

o' 

s 

Total  Change 

Y‘Rotation 

Total 

Case, 

(arc  sec) 

(arc  sec) 

(arc  sec) 

Change 
(arc  sec) 

LNj 

0 

0 

} +55 

> +32 

Cold 

+55 

\ 

+32 

; 

> -38 

> -29 

Hot 

+17(49)* 

\ 

+3 

f +3 

> +15 

Grad. 

+20 

) 

) i 

+18 

1 

} -23 

\ 

Grad. 

-3 

J 

+6 

i 

2 

* Neglecting  transverse  gradient  effects  existing  across 
the  X-frame. 


Figure  3.  Finite  element  modd  of  star  tracker  in  its 
STOP  test  configuration,  deformed  shape  (hot 
case). 


remember  the  long  time  span  covered  by 
these  tests  and  the  fact  that  this  was  one  of 
the  first  actual  applications  of  the  microtilt 
sensors. 

One  indication  of  the  critical  nature  of 
the  above  predictions  can  be  shown  by 
observing  the  effects  of  neglecting  the  in- 
fluence of  the  transverse  temperature  gradi- 
ents existing  across  the  thickness  of  the 
X-frame.  While  these  gradients  are  of  the 
order  of  only  0.5°C  for  the  hot  case  con- 
sidered (see  bracketed  quantity  in  table  1), 
their  neglect  may  result  in  much  error.  In  this 
instance,  it  becomes  obvious  that  transverse 
temperature  effects  should  be  included 
because  of  the  relatively  high  stiffness  of  the 
X-frame  compared  to  that  of  the  legs  and  the 
fact  that  microtilt  sensor  #2  is  mounted 
directly  to  this  frame;  however,  the  require- 
ment for  accurate  temperature  prediction 
and/or  temperature  instrumentation  during 
test  is  demonstrated. 

Example  2:  Alignment  Analysis  ofOAO- 
GEP  Secondary  Mirror  Support  Structure. 
This  analysis  was  conducted  with  the  intent 
of  studying  both  thermal  and  structural 
analysis  techniques  for  their  feasibility  in 
predicting  thermal  deformations  of  a rela- 
tively large  and  complex  structure  (refs.  7 and 
8).  For  this  purpose  a structural  analysis  for 
thermal  displacements  of  the  Goddard  Experi- 
ment Package  (GEP)  between  Station  43.156 
and  Station  86.000  of  the  Optical  Structure 
Assembly  was  performed  (fig.  4)  using  a 
theoretically  obtained  temperature  distri- 
bution. 

Figure  5 shows  the  finite  element  model 
used  in  the  analysis.  The  complete  model 
consisted  of  511  grid  points  (with  approxi- 
mately 2200  degrees-of-freedom  after 
imposition  of  boundary  conditions,  etc.), 
336  quadrilateral  plate  elements,  8 triangular 
plate  elements,  and  12  beam  elements.  For 
the  thermal  deformation  analysis,  the  grid 
point  degreesK>f-freedom  at  the  base  of  the 
telescope  tube.  Station  86.000,  were  con- 
strained to  boundary  conditions  corre- 
sponding to  the  telescope  tube  clamped  to  a 
rigid  ring  that  expands  in  the  radial  direction 
due  to  a uniform  temperature  change. 
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SECONDARY  MIRROR  FOCUS  DRIVE  SPIDER  VANE 

MOUNTING  RING  i.  MECHANISM  SflDEH  VANt 


FORWARD 
TELESCOPE 
RING 


SECONDARY  MIRROR* 


LOWER  ALUMINUM 
STRUCTURAL 
TELESCOPE  TUBE  ^ 


ALUMINUM  ADAPTOR 
RING 


JNTINGRING  W MECHANISM  " ' ~ STA.  43.166 


UPPER  TITANIUM  STRUCTURAL 
TELESCOPE  TUBE 


STA.  86.000 


Fiff»e  4.  Schematic  of  GEPjSTOP  secondary  mirror  analysis  optical  assembly. 


This  approximates  the  actual  conditions 
at  this  location  because  the  base  of  the  tele- 
scope tube  is  attached  to  a heavy  aluminum 
ring  which,  according  to  predicted  tempera- 
tures, assumes  an  approximately  uniform 
temperature  distribution.  With  these  assumed 
boundary  conditions,  the  displacements  and 
rotations  predicted  from  the  finite  element 
analysis  can  be  viewed  as  indicative  of  the 
motion  relative  to  the  primary-mirror  optical 
axis  because  the  assumed  constraints  should 
correspond  approximately  to  the  actual 
behavior  of  this  section  of  the  GEP. 

Figure  6 shows  a greatly  magnified  view 
of  the  thermally  deformed  GEP  structure. 
Table  2 gives  the  predicted  motion  of  the 
secondary  mirror;  i.e.,  considering  the  mirroi 
and  its  mount  as  a structure  “lumped”  at  a 
central  grid  point. 

Example  3:  Thermal  Deformation 
Analysis  of  Optical  Surfaces.  Example  3 illus- 
trates the  type  of  structural  analysis  planned 
for  this  phase  of  STOP.  Figure  7 shows  the 
spherical  shell  segment  with  center  cutout 


being  considered;  figure  8 presents  the  finite 
element  model.  This  thin  elastic  shell  is 
dimensionally  similar  to  the  primary  mirror  of 
the  OAO-GEP. 

Table  2.  Secondary-Mirror  Thermal  Displacement 
Predictions  for  Theoretically  Obtained  Tempera- 
ture Distributions 

X DISPLACEMENT  ■ -2x10^  IN. 

Y DISPLACEMENT  - -3x10^  IN. 

Z DISPLACEMENT  > -100  x lOT*  IN. 

ROTATION  ABOUT  THE  X-AXIS  - -2  ARC  SEC 
ROTATION  ABOUT  THE  Y-AXIS  - -1  ARC  SEC 

For  demonstration  purposes,  the  finite 
element  model  has  been  subjected  to  a local- 
ized hot  spot  on  its  surface.  A perspective 
view  of  the  deformed  mirror,  to  a greatly 
magnified  scale,  is  given  in  figure  9.  Output 
from  the  NASTRAN  program  for  this  analysis 
is  in  the  form  of  grid-point  displacements  and 
rotations.  It  should  be  noted  that  the  grid- 
point  rotations  can  be  viewed  as  the  rotations 
that  a line  (the  line  being  originally  normal  to 
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shape. 

the  middle  surface  of  the  shell  at  n grid  point) 
would  experience  as  the  mirror  deformed. 
This  information,  together  with  ray-tracing 
procedures,  should  be  very  useful  in  the  study 
of  the  degradation  in  the  optical  performance 
of  the  mirror. 


Thermally  Induced  Vibrations 


Consideration  of  thermaUy  induced 
vibrations  (ref.  4)  may  become  necessary  in 
future  space-telescope  structiu-es.  M^ien 
consideration  is  given  to  the  demanding  ac- 
curacy requirements  envisioned  for  some  of 
these  vehicles  (on  the  order  of  1/100  arc 


Figure!.  Schematic  of  spheriaU  cap  with  cutout. 
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if  Figure  9.  Finite  dement  modd  of  spherical  cap  with 
cutout,  deformed  shape  (hotspot). 

*' 

f 

second),  the  necessity  for  the  inclusion  of 
these  effects  in  any  analysis  of  the  craft  seems 
probable. 

7 The  results  of  a finite  element  study  of  a 

simply  supported  square  plate  (8.0  feet  by 
I 8.0  feet  by  0.1  foot)  subjMted  to  a step  heat 

^ input,  Q,  on  face  Z = +7/Aid  insulated  on 

I face  Z are  given  to  demonstrate  the  appli- 

[ cability  of  the  finite  element  method  for 

f-  treating  thermally  induced  vibration  problems 

\ (fig.  10).  As  shown  in  figure  10,  a quarter 

symmetry  model  consisting  of  a four- by-four 
V network  of  square-plates  ( 1 .0  foot  by  1 .0  foot 
i by  0.1  foot)  bending  elements  was  used, 
i-  For  the  problem  under  consideration, 

I the  time-dependent  temperature  distribution, 

I T(z,t),  through  the  thickness  of  the  plate  is 

I given  by  the  expression 


k thermal  conductivity 

k ~ thermal  diffusivity 

h ~ plate  thickness 

t ~ time 

Q heat  input 

z ~ transverse  coordinate 

If  the  bending  behavior  of  only  the  plate 
is  considered,  the  equivalent  mechanical  grid 
point  loads,  M_^,  (in  this  case  moments) 
required  for  ccmstraint  of  the  finite  plate 
element  with  temperature  distribution  given 
by  equation  6 can  be  found  to  be 

_ 2aOEh» 

“ (l-F)ir^k  l96  ■ ^ j4 
j=l,3,5 

(7) 


where 

E ~ modulus  of  elasticity 
a ~ coefficient  of  thermal  expansion 
V Poisson’s  ratio 

Shice  the  temperature  distribution  does  not 
vary  over  the  planform  of  the  plate  in  this 
example,  the  vectorial  sum  of  the  equivalent 
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mechanical  thermal  moments  at  the  internal 
grid  points  of  the  assembled  plate  model  are 
zero.  Thus,  the  problem  reduces  to  a forced 
response  analysis  of  the  quarter  symmetry 
model  loaded  as  shown  in  figure  1 1 . 

Solution  of  this  flnite  element  model 
was  obtained  by  using  lumped  mass  and 
modal  acceleration  techniques,  and  the  results 
,r  midpoint  displacement  (w)  versus  time  (t) 
for  a hypothetical  problem  are  given  and  are 
compared  to  theory  in  figure  1 2. 

The  results  of  this  study  demonstrate 
that  the  structural  vib<ations  induced  by 
uncoupled,  transient,  temperature  distribu- 
tions may  be  treated  by  a forced  response 


(a)  Simpfy  supported  square  plate 
exposed  to  step  heat  input. 


(b)  Quarter  ^mmetty  model  of  sinqtfy 
supported  square  pkte. 

Figure  10.  Sample  thermal  vibration  ^nbkm. 


SIMPLY  SUPPOtTFO 


Figure  11.  Quarter  symmetry  model  with  applied 
equivalent  mechanical  loadt 

analysis  of  the  flnite  element  model  excited 
by  time-dependent  mechanical  loads  applied 
at  the  grid  points  of  the  model.  The  require- 
ment for  implementation  of  these  methods 
for  the  analysis  of  practical  spacecraft  struc- 
tures, however,  demands  much  study. 

Dynamic  Analysis  of  OAO-A2  Spacecraft 

This  paper  describes  some  of  the 
dynamic  analyses  performed  at  Goddard  in 
support  of  the  OAO  project.  The  flnite  ele- 
ment analyses  described  were  performed  on 
the  Martin-Company-developed  SB-038  com- 
puter program  before  the  availability  of 
NASTRAN.  In  brief,  a flnite  element  model 
of  the  OAO-A2  was  obtained  in  its  modal- 
survey  test  configuration.  The  model  was  then 
reflned  by  using  modal  test  data,  which  was 
obtained  from  vibration  shaker  tests  of  the 
basic  craft  structure  and  attached  interstage. 
Mass  properties  of  the  test  configuration 
model  were  then  adjusted  to  those  of  the 
actual  spacecraft  in  its  flight  configuration, 
and  this  revised  model  was  analyzed  for  fre- 
quencies and  mode  shapes.  From  this  rather 
detailed  finite  element  model,  a reduced 
model  was  obtained  for  use  in  a forced 
response  analysis  of  the  entire  launch  vehicle 
and  spacecraft. 
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The  model  utilized  in  the  normal  mode 
V.  analysis  of  the  OAO  is  described;  the  result 
‘5*  of  this  analysis  is  compared  to  test,  and  the 
reduction  procedure  used  to  obtain  the 
simplified  model  is  discussed. 

OAO  Model  for  Analysis 

The  initial  finite  element  model  of  the 
‘ OAOA2  was  representative  of  the  craft  in  its 
, modal-survey  test  configuration  (ref.  9).  This 
fy  configuration  is  comprised  of  the  basic  space- 
\ craft  structure,  with  simulated  experiment 
i and  electronic  packages,  and  an  interstage 
I:  attaching  the  craft  to  the  shaker  table. 

Detailed  modeling  of  the  interstage  was 
f not  feasible  because  of  the  limited  capacity  of 
i'  the  SB-038  program  and  the  unknowns 
f associated  with  the  mechanical  connections  in 
i this  area.  For  these  reasons,  the  decision  was 


made  to  produce  a rather  detailed  model  of 
the  spacecraft  and  to  represent  the  interstage 
by  a coarse  series  of  elastic  elements  that 
would  be  “tuned,”  using  modal-survey  test 
data,  to  account  for  this  structure  accurately. 
In  addition,  the  Smithsonian  Astrophysical 
Observatory  (SAO)  and  Wisconsin  Experi- 
ment Package  (WEP)  experiments  were  repre- 
sented by  fully  rigid  elements  arranged 
symmetrically  about  the  axis  of  the  craft.  The 
complete  model  is  shown  in  figure  13.  It 
includes  128  grid  points  and  588  structural 
elements. 

Analysis  Compared  to  Test 

As  indicated  previously,  the  finite  ele- 
ment model  was  “tuned”  to  account  for  the 
interstage  section  of  the  test  structure.  Test 
results  showed  that  the  first  bending,  first 


* 


\ 


Ftgun  13.  Finite  element  model  of  OAO  bask  craft 
with  idealized  experiment  packages  on  interstage. 


Figureld.  Hrst  bending  mode  of  OAO  bask 

craft  on  interstage. 


torsion,  and  first  longitudinal  modes  were 
principally  functions  of  the  interstage  region. 
An  example  of  this  is  shown  quite  clearly  :n 
figure  14  where  we  observe  that  all  motion 
appears  to  originate  in  the  interstage  structure 
for  the  first  bending  mode.  By  “tu^g  the 
effective  elastic  properties  of  the  interstage 
model  to  the  measured  response  of  the  first 
bending  and  first  torsion  modes,  the  influence 
of  the  interstage  region  was  accurately^ 
eluded  in  the  finite  element  model.  The 
success  of  this  procedure  can  be  seen  in 
table  3.  Good  agreement  is  shown  between 
both  the  two  tuned  modes  and  the  first  longh 
tudinal  mode,  which  is  basically  a function  of 


die  interstage.  , , , . 

An  interesting  example  of  the  value  of 
analysis  in  the  interpretation  of  test  results 


and  vice  versa  can  be  gamed  by  referring  to 
table  3.  The  analysis  found  i second  bending 
mode  at  25  cycles  per  second-coasting 
principally  of  rigid-body  motion  of  the  njpd 
experiment  model.  This  was  not  found  in  the 
test  data  because  recovery  of  test  instru- 
mentation data  on  the  experiment  was  not 
accomplished  in  this  frequency  region.  In 
addition,  the  analysis  yielded  a pair  ot 
symmetric  third  bending  modes  at  5 * cyclw 
per  second;  these  were  not  found  in  the  test, 
tut  test  dsta  yielded  one  lateral  mode,  at 
42  cycles  per  second,  which  did  not  appear  ir 
the  analysis* 

A reevaluation  of  both  finite  clement 
analyss  and  test  procedures  was  performed  to 
explain  these  discrepancies.  A further  evalu- 
ation of  the  modal-survey  test  data  did  reveal 
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Table  3.  Modal-Survey  Analysis  and  Test  Correlation 


Finite  Element  | 

Modal  Survey 

Residts  1 

1 Mode  Type 

Test  Results 

(cps) 

(cps) 

11 

1st.  Bending 

11 

11 

11 

16 

1st.  Torsion 

16 

25 

2nd.  Bending 

25 

(Rigid-Body 

Experiment) 

40 

1st.  Longitudinal 

40 

51 

51 

42 

3rd.  Bending 

51 

56 

2nd.  Torsion 

71 

2nd.  Longitudinal 

a significant  lateial  response  in  the  Sl-cps 
region,  but  with  a different  motion  in  the 
simulated  experiment  than  that  at  42  cycles 
per  second.  An  examination  of  the  dummy 
experiment  hardware  to  determine  the 
reasons  for  missing  the  lateral  mode  at 
42  cycles  per  second  revealei*  that  the  dummy 
experiment  hardware  could  not  behave  as  a 
rigid  symmetric  body,  as  intended,  for  the 
lower  modes.  (The  actual  experiments,  how* 
ever,  would  behave  in  this  manner  in  the 
fiequency  range  of  interest.) 

As  mentioned  above,  these  assumptions 
result  in  the  analytical  prediction  of  a re- 
peated pair  of  . lodes  at  SI  cycles  per  second. 
It  was  concluded  that  the  lack  of  symmetry  in 
the  actual  dummy  experiment  resulted  in  the 
lowering  of  one  of  these  lateral  modes  to 
42  cycles  per  second. 

With  the  development  of  the  finite  ele- 
ment model  corresponding  to  the  craft  in  its 
test  configuration  completed,  the  mass  distri- 
bution of  the  model  was  adjusted  to  conform 
to  the  actual  flight  configuration  of  the 


OAO-A2.  This  revised  flight  mode-  was 
analyzed  to  provide  normal  modes  and  cor- 
responding frequencies. 

Reduction  Procedure 

It  was  then  necessary  i ' use  the  wve 
flight  model  to  produce  a mi.r -mass -point 
model  t«.at  would  ha\  .*  .:he  sam^-  vlasiic  and 
dynamic  characteristics  as  the  lar^^e  mode!  for 
frequencies  up  to  60  cycles  per  second.  The 
reduction  was  accomplished  bv  subjecting  the 
detailed  model  to  a series  of  self-equilibrating 
load  sets,  which  defined  average  elastic 
behavior  o.”  the  structure  with  respect  to  its 
centerline  at  specific  segmer.ts  and  degrees-of- 
freedom.  Mass  propei  tics  ca'culated  for  the 
reduction  were  those  translational  and  rotary 
inertias  defining  each  mass  set  that  was 
condensed. 

Static  and  dynamic  checks  of  the  sim- 
plifies . .odel  were  compared  with  the 
detailed  analysis.  All  values  within  the  region 
of  interest  were  within  3 percent  except  the 
pair  of  third  lateral  bending  modes,  which 
matched  the  detailed  model  withb  14  per- 
cent. Much  of  this  difference  can  be  attrib- 
uted to  the  absence  of  mass  coupling  (first 
moments  and  cross  products)  in  the  reduced 
model.  This  was  necessary  because  the  pro- 
gram to  be  used  for  the  actual  forc«J-respons‘- 
analysis  could  not  make  use  cf  such 
information. 

Conclusions  and  Problem  Areas 

It  has  been  demoa<tra^ed  that  the  finite 
element  method,  coupled  with  the  current 
gmeration  of  converters  and  modem  com- 
puter programs,  provides  the  structural 
analyst  with  the  capability  of  treating  com- 
plex problen«s  in  more  detail  than  possible  in 
the  past.  The  ability  of  these  methods  to 
predict  the  static  and  dynamic  behavior  of 
space  telescope  structures,  including  b^avior 
induced  by  thermal  loading,  has  been  shown. 

The  potentials  of  tliis  type  of  analysis 
are  indeed  great.  For  example,  the  possibflity 
of  almost  real-time  thermal  deformation 
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predictions  using  telemetered  temperature 
data  from  space,  and  subsequent  spacecraft 
corrections  based  on  this  analysis,  is  certainly 
possible  in  the  not  too  distant  future. 

Problem  areas,  however,  do  remain,  and 
much  work  is  required  for  their  solution. 
Four  areas  that  seem  particularly  pertinent  to 
the  field  of  orbiting  telescope  structure,  but 
not  unique  to  this  area,  are  discussed  in  this 
paper,  lliese  areas  are:  accuracy  of  solution, 
modeling  structures,  problem-size  reduction, 
and  interface  programs. 

Accuracy  of  Solution 

Before  discussing  this  problem  in  some 
detail,  a brief  example  is  required  to  demon- 
strate some  subtleties  corceming  accuracy  in 
structural  analysis  predictions  in  optical  sys- 
tems. The  comment  is  often  made  that  a 
strvctural  analyst  cannot  predict  defor- 
mations on  the  order  cf  a few  arc  seconds 
because  of  numerical  inaccuracy  in  his  com- 
puter program,  unknowns  in  the  physical 
properties,  poor  mechanical  joint  definition, 
etc.  What  is  sometimes  forgotten  is  the  fact 
that  these  structural  deformations  are  usually 
the  result  of  very  small  loads;  that  is,  we  are 
not  attempting  to  predict  perturbations  on 
the  order  of  an  arc  second  but  rather  total 
deformations  of  this  order.  In  other  words  if 
our  loads  are  well  defined,  we  shoulu  gener- 
ally expect  no  more  percentage  of  error  in  our 
final  solrtion  than  in  anv  other  type  of  struc- 
tural analysis. 

The  question  does  remain,  however,  as 
to  *he  effects  on  thermal  deformations  of 
small  initial  nonlinearities  caused  by  slack  in 
joints,  initial  imperfections,  etc.  This  is  a 
poorly  defined  problem  area  that  warrants  the 
attention  of  the  designer  and  fabricator  in 
addition  to  that  of  the  structural  analyst. 
Lookmg  at  the  question  of  accuracy  as  it 
pertains  to  finite  element  analysis  of  optical 
space  telescopes,  one  may  consider  three 
major  groups  of  contributing  factors: 

1.  Those  due  to  the  computer  and  the 
computer  program  (solution  order,  precision 
used,  alg^ritlun  ehiciency,  matrix  condi- 
tioning, etc.) 


2.  Those  due  to  structural  idealization 

3.  Those  due  to  errors  in  the  calcu- 
lation and  application  of  applied  loads  (in- 
cluding applied  temperatures). 

The  first  group  is  the  object  of  much 
current  study  (ref.  10).  Its  particular  effects 
have  no  special  meaning  to  the  field  of  optical 
space  telescope  analysis,  but  they  apply 
equally  to  the  entire  field  of  matrix  structural 
analysis.  These  effects  are  probably  the 
smallest  of  the  three  groups  and  will  not  be 
discussed. 

The  second  group  will  be  commented  on 
in  the  problem  area  dealing  with  Modeling 
Studies.  It  is  sufficient  to  say  that  this  area 
depends  mainly  on  the  experience  of  the 
analyst  and  the  characteristics  of  the  available 
finite  elements. 

The  third  problem  area  is  the  cause  of 
our  greatest  concern  in  dealing  with  optical 
structures.  In  particular,  this  area  is  most 
critical  in  the  analysis  of  thermally  induced 
deformations.  The  present  thermal  analyzer 
programs,  ava'lable  at  Goddard,  do  not  appear 
to  be  of  sufficient  size  to  predict  structural 
temperatures  adequately  in  the  detail  required 
for  an  accurate  deformation  analysis  of  a 
spacecraft  the  size  of  the  OAO.  One  possible 
way  to  correct  this  aituation  is  to  add  thermal 
analyzer  capabilities  to  the  NASTRAN  pro- 
gram, which  could  be  based  on  the  finite 
element  method  of  thermal  analysis,  and  to 
utilize  the  large  and  advanced  mathematical 
routines  contained  in  the  present  program. 

Modeling  Studies 

Modeling  studies  are  required  to  evaluate 
structural  idealization  procedures  in  order  to 
minimize  inaccuraciot  in  the  finite-element 
model  representation  of  the  actual  structure. 
In  general,  finite  element  methods  provide 
reliable  data  only  when  the  structure  is 
properly  idealized  and  when  the  resclts  of  the 
analysis  are  properly  evaluated  by  an  experi- 
enced analyst. 

Much  work  remains  in  this  general  area 
and,  in  particular,  within  the  area  of  modeling 
of  mgjor  optical  surfactis.  Accuracy  require- 
ments and  the  apparent  need  to  include  three- 
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dimensional  elasticity  and  temperature  effects 
demand  that  well  planned  modeling  studies  be 
conducted.  These  studies  will  aim  at  both  the 
evaluation  of  various  elements  and  the  deter- 
mination of  network  patterns  for  best  results. 

Froblem-Size  Reduction 

The  accuracy  required  in  the  static  and 
normal  mode  analysis  of  orbiting  structures 
will  often  lead  to  large  models  requiring 
sizeable  amounts  of  computer  time  for  solu- 
tion. When  another  dimension,  such  as  time, 
is  added  in  the  forced-response  analysis  of  the 
structure,  it  will  often  be  required  that  the 
number  of  unknowns  be  reduced  so  that  satis- 
factory results  can  be  obtained  in  a reasonable 
amount  of  machine  time.  Because  of  this, 
work  is  required  in  both  the  development  of 
new  methods  and  the  evaluation  of  existing 
methods  to  reduce  the  number  of  unknowns 
in  a given  problem. 

Interface  Programs 

In  the  most  general  case  of  thermal 
deformation  analysis,  the  temperature  distri- 
bution is  required  as  a function  of  both  space 
and  time.  The  magnitude  of  data  represented 
by  this  for  practical  problems  requires  (1)  the 
automated  communication  and  interpolation, 
in  both  space  and  time,  of  temperature  data 
to  the  structural  program  and  (2)  the  auto- 
matic calculation  of  thermally  equivalent 
mechanical  loads  and  solution  of  the  defor- 
matior-  oblem  by  the  structural  program. 

In  addition,  the  coupling  of  the  struc- 
tural program  with  a ray-tracing  program  for 
the  communication  of  data  would  complete 
the  analysis  flow  and  would  allow  for  optical 
degradation  predictions  as  a function  of  time. 
Programs  of  this  type  are  not  now  available 
but  must  be  present  before  large-scale  appli- 
cation of  these  methods  to  practical  problems 
can  begin. 


References 


1 . Technical  Evaluation  Report  for  the  Definition 

of  the  NASA  General  Purpose  Di.  '.al  Program 
for  Structural  Analysis.  Computer  Science 
Corp.,  1966. 

2.  Przemieniea ' J.  S.:  Theory  of  Matrix  Struc- 

tural Analysis.  McGraw-Hill,  1968. 

3.  Zienkiewicz,  0.  C.:  The  Finite  Element  Method 

in  Structural  and  Continuum  Mechanics. 
McGraw-Hill,  1967. 

4.  Mason,  J.  B.:  Analysis  of  Thermally  Induced 

Structural  Vibrations  by  Finite  Element  Tech- 
niques. NASA  X-32 1-68-333,  1968. 

5.  Rosette,  K.  L.;  Jarrell,  T.  W.;  Structural  Thermal 

Optical  Program  (STOP),  Phase  I,  Revised  Veri- 
fication Test  Procedure.  GSFC,  Greenbelt, 
Maryland,  1968. 

6.  Rosette,  K.  L.;  Mason,  J.  B.;  Jarrell,  T.  W.: 

Structural  Thermal  Optical  Program  (STOP), 
Phase  I,  Results  of  Feasibility  Study  to  Investi- 
gate the  Use  of  Analytical  Techniques  to 
Evaluate  Thermal  Elastic  Response  of  Space 
Structures.  DIRS  #01487,  GSFC,  Greenbelt, 
Maryland,  1968. 

7.  Rosenbaum,  W.  S.:  Structural  Thermal  Optical 

Program  (STOP),  Phase  1,  Theoretical  Thermal 
Analysis  of  the  Orbiting  Astronomical  Observa- 
tory Goddard  Experiment  Package  Secondary 
Mirror  Mount.  DIRS  # 01610,  GSFC, 
Greenbelt,  Maryland,  1969. 

8.  Mason,  J.  B.:  Structural  Thermal  Optical  Pro- 

gram (STOP),  Phase  I,  Analytical  Thermal 
Deformation  Analysis  of  the  Orbiting  Astro- 
nomical Observatory  Goddard  Experiment 
Package  Secondary  Mirror  Mount. 
DIRS#  01704,  GSFC,  Greenbelt,  Maryland, 
1969. 

9.  Butler,  T.  G.;  McConnell,  R.  D.;  Cook,  W.  L.: 

Dynamic  Analysis  of  the  OAO-  Interim 
Feooit.  GSFC,  Greenbelt,  Maryland,  1967. 

10.  Phi’  o-Ford  Corp.:  Determination  of  Guidelines 
for  Finite  Element  Structural  Analysis.  NASA 
CR  (to  be  assigned),  i969. 


* 


•f  PRECEDING  PAGE  BLANK  NOT  FILMED. 

I 

I *N70-36727 

• • 

B}  Considerations  on  Precision  Temperature  Control 

of  a Large  Orbiting  Telescope 

S.  Katzoff 

> NASA  Langley  Research  Center 


Introduction 

Quantitative  specification  of  the  tempe^ 
ature  uniformity  and  temperature  constancy 
of  a large  orbiting  telescope  will  not  be 
possible  until  one  can  also  specify  telescope 
operating  temperature,  materials,  environ- 
ment, and  types  of  construction  and  oper- 
ation. It  would  be  desirable,  however,  to 
establish  a backgvund  of  information  on 
what  might  be  feasible  and  what  might  be 
required  to  establish  a high  degree  of  perfec- 
tion with  regard  to  both  uniformity  and 
constancy  of  temperature.  Among  other 
advantages,  a reasonably  practical,  precise, 
temperature  control  could  alleviate  the  re- 
quirements for  continual  testing  and  adjust- 
ment of  the  optics  while  in  orbit. 

This  paper  presents  the  results  of  calcu- 
lations relative  to  this  problem.  The  basic 
idealized  configuration  that  has  been  studied 
is  a large  telescope  tube  made  of  l-mHimeter- 
thick  aluminum  and  wrapped  in  superinsu- 
lation. The  types  of  radiation  environment 
considered  correspond  roughly  to  synchro- 
nous  orbits  and  to  near-earth  orbits,  mainly 
the  former.  The  discussion  will  indicate  the 
nature  of  the  problem  and  how  it  might  be 
alleviated  by  roeai<s  of  heated  collars  near  the 
tube  opening,  heat  pipes  and  vapor  chambers, 
and  enclosing  balloons.  Mathematical 
methods  have  not  been  detailed  in  this  paper 
because  they  are  assumed  to  be  of  immediate 
interest  to  only  a small  part  of  the  audience. 

Infinite  Cylinder 

Calculations  were  made  for  the  infinite 
cylinder  in  synchronous  orbit,  in  low  orbit, 
and  with  ting  heat  pipes. 


Synchronous  Orbit 

Figure  1 shows  results  for  an  infinitely 
long  cylinder  oriented  at  right  angles  to  solar 
radiation  and  with  no  appreciable  radiation 
input  to  the  shaded  half,  as  in  synchronous 
orbit.  The  inside  is  assumed  to  be  perfectly 
black,  and  the  external  surface  is  assumed  to 
have  a solar-absorptance/thermal-emiitance 
ratio  of  1/3.  For  one  case,  tigure  1(a),  the 
insulation  is  assumed  to  provide  a heat- 
transfer  rate  of  0.0025  [(oxtemal  tempera- 
ture)^ - (internal  temperature)'*].  In 
figure  1(b),  the  factor  is  taken  as  0.025. 

W „h  either  type  of  insulation,  the  mean 
internal  temperature  is  about  225®K.  For  the 
heavier  insulation,  the  subsolar  elements  of 
the  cylinder  will  be  about  0.3°  warmer  than 
the  shaded  elements.  For  the  lighter  insu- 
lation, the  difference  will  be  about  10  times 
as  much  or  about  3°.  These  difference  values 
are  approximately  proportional  to  the 
temperatures  themselves.  For  example,  if  the 
external  surface  has  an  absorptance/emittance 
ratio  of  1 instead  of  1/3,  all  temperatures  wiU 
be  increased  by  3^^  (or  about  4/3);  and  the 
temperature  differences  will  also  be  increased. 
For  these  calculations,  K was  assumed  that 
the  diameter  of  the  cylinder  was  so  large  (say, 
3 meters)  that  circumferential  conduction 
heat  transfer  in  the  cylinder  wall,  which  is  of 
l•millimete^thick  aluminum,  is  small  com- 
pared with  radiation  heat  transfer. 

Possible  nonuniformity  of  the  insulation 
must  be  considered  in  all  discussions  of  the 
thermal  problem.  If  the  nonunifoimity  is  30 
percent,  the  internal  temperature  may  be 
233°K  instead  of  22S°K,  as  indicated  in 
figure  1(c).  This  degree  of  nonuniformity 
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Figure  1.  Infinite  cylinder  in  sunlight. 

seems  not  unlikely;  however,  a maldistri- 
bution in  which  all  the  higher-conductance 
insulation  is  on  the  sunlit  side  and  all  the 
lower-conductance  insulation  is  on  the  shaded 
side  is  probably  unrealistically  extreme.  In 
any  case,  it  is  worth  remembering  that  pos- 
sible nonuniformities  in  insulation,  environ- 
ment, coatings,  contact  resistances,  and  the 
like  must  be  considered  in  any  analysis  that  is 
concerned  with  temperature  uniformity. 

Low  Orbit 

The  preceding  results  for  the  infinitely 
long  cylinder  will  be  modified  in  at  least  two 
respects  when  the  cylinder  is  brought  in  from 
a synchronous  orbit  to  a fairly  close  orbit 
about  the  earth.  First,  both  the  thermal  radi- 
ation and  the  reflected  solar  radiation  from 
the  earth  will  provide  heat  inputs  to  the 
shaded  half  of  the  cylinder  that  may  total 
about  half  of  that  provided  by  the  direct  sun- 
light on  the  sunlit  half.  The  indicated  tempe^ 
ature  nonuniformities  will  be  reduced  to  half. 
Second,  the  thermal  input  to  the  cylinder  will 
no  longer  be  constant  because  the  cylinder 
will  periodically  be  in  the  earth’s  shadow. 
This  alternate  heating  and  cooling,  however. 


m • • 

will|he^a|aly  damped  by  the  thermal  inertia 
t>  ^ ihsfiti^  and  the  cylinder  wall.  With 
the  cylinder  assumed  to  be  of  1-millimeter- 
thick  aluminum  and  the  insulation  assumed  to 
be  made  of  30  to  50  layers  of  aluminized 
polymer  film  with  some  spacer  material 
between  adjacent  layers,  the  total  amplitude 
of  the  temperature  oscillation  within  the 
cylinder  should  be  about  0.03°. 

Ring  Heat  Pipes 

Calculations  were  made  of  the  improve- 
ment in  temperature  uniformity  that  might  be 
achieved  by  welding  heat  pipes  around  the 
cylinder.  For  the  calculations,  the  heat  pipes 
were  assumed  to  be  isothermal  rings. 

If  the  heat  pipes  are  spaced  40  centi- 
meters apart,  the  maximum  temperature 
nonuniformity  (the  temperature  midway 
between  the  heat  pipes  on  the  subsolar  ele- 
ments minus  the  temperature  midway 
bet\/een  the  heat  pipes  on  the  shaded  ele- 
ments) is  reduced  by  a factor  of  about  4. 
Putting  the  heat  pipes  still  closer  together 
reduces  the  nonuniformity  further.  The 
temperature  difference  varies  nearly  as  the 
square  of  the  spacing. 

These  calculations  were  for  the  case  in 
which  the  mean  temperature  within  the 
cylinder  was  about  225°K.  The  effectiveness 
of  the  heat  pipes  in  reducing  temperature 
nonuni fcrmity  decreases  with  increasing 
temperatuxv.  because  radiation  heat  transfer  is 
proportional  to  differences  in  T^,  whereas 
conduction  heat  transfer  is  proportional  to 
differences  in  T.  The  net  effect  is  that  the 
improvement  in  uniformity  achieved  by 
adding  heat  pipes  (with  a given  spacing) 
varies,  roughly,  inversely  as  T^.  Thus,  for  a 
cylinder  temperature  of  300°K  (as  for  an 
outer-surface  absorptance/emittance  ratio  of 
1),  the  heat  pipes  spaced  at  40  centimeters 
reduce  the  nonuniformity  by  a factor  of  only 
about  2. 

Finite  Open-Ended  Tube 

A cylindrical  tube  of  finite  length,  with 
one  end  op.'n  and  the  other  end  closed  with  a 
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perfect  flat  mirror,  was  used  in  the  calcu- 
lations as  a representation  of  a telescope  tube. 

General  Characteristics 

The  results  for  the  finite  open-ended 
tube  typically  differ  from  those  for  the  in- 
finite cylinder  in  three  respects; 

1.  If  the  ti.be  is  covered  with  insulation 
comparable  with  the  insulation  previously 
assumed  for  the  infinite  cylinder,  the  escape 
of  radiation  from  the  open  end  will  result  in  a 
mean  internal  temperature  far  below  that  for 
the  infinite  cylinder  (which  was  about 
225"K). 

2.  Because  the  tube  wall  near  the 
opening  loses  much  of  its  radiation  directly  to 
space,  the  wall  temperatures  decrease  rapidly 
toward  the  opening. 

3.  Although  the  wall  temperature 
decreases  toward  the  opening,  the  tempera- 
ture difference  between  the  suWlar  elements 
and  the  shaded  elements  increases. 

These  effects  are  shown  in  figure  2 for  a 
tube  that  is  6 diameters  long. 

Putting  circumferential  heat  pipes 
around  the  tube  would  reduce  the  circumfe^ 
ential  temperature  nonuniformity  but  not  the 
large  longitudinal  variation  (unless  the  heat 
pipes  were  heated  by  some  external  means). 

Heated  Collar 

A heated  collar  in  the  end  of  the  tube 
will  greatly  reduce  the  longitudinal  tempera- 
ture variation.  Figure  3 shows  calculated 
tenq>eratures  for  a tube  having  a uniform- 
temperature  heated  collar  3 radii  long.  The 
len^  of  the  collar  is  not  critical.  Fur  ex- 
ample, a much  shorter  coUar  at  a higher 
temperature  v.ould  have  the  same  effect 

'~iie  upper  curve  is  for  the  tube  normal 
to  the  sun^t,  for  which  case  the  infinite 
cylinder  had  a mean  internal  temperature  of 
225**.  If  the  collar  is  maintained  at  a tempera- 
ture only  3^  higher,  the  remainder  of  the  tube 
will  now  be  at  the  same  uniform  temperature 
as  the  infinite  cylinder.  The  lower  curve  is  for 
the  case  in  which  there  is  no  external  radi- 
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Figure  2.  Temperatures  in  insulated  tube. 

ation  input  at  all,  as  if  the  tube  axis  were 
aligned  with  the  sunlight.  The  tube  loses 
energy  by  radiation  to  space  over  its  entire 
cylindric^  surface.  The  wall  temperature  in 
this  case  is  about  S'*  lower  near  the  mirror 
than  near  the  heated  collar,  and  its  average 
value  is  about  S**  less  than  that  for  the  tube 
oriented  normal  to  the  sunlight  The  average 
temperature  for  this  case  can  be  raised  by 
raising  the  collar  temperature,  but  the  longi- 
tudinal variation  will  remain. 
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Figure  3,  Insulated  tube  with  ftxed-temperature 
section. 
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Extending  the  insulated  tube  beyond  the 
heated  collar  will  reduce  the  radiation  loss  out 
of  the  opening  and  thus  will  reduce  the  heat- 
input  requirement  to  the  collar  without 
affecting  the  general  nature  of  these  results. 
For  example,  extending  the  tube  3 radii 
beyond  the  end  of  the  collar  would  reduce 
the  radiation  heat  loss  out  of  the  opening  by  a 
factor  of  about  5. 

Longitudinal  Heat  Pipes 

Welding  longitudinal  heat  pipes  along  the 
tube  (fig.  4)  would  greatly  reduce  the  longi- 
tudinal temperature  variation,  shown  in 
figure  2,  and  would  also  nearly  eliminate  any 
longitudinal  temperature  nonuniformity  due 
' to  variability  of  the  insulation,  shown  in 
figure  1.  The  tube  temperature,  however, 
would  now  be  quite  low  because  of  the  in- 
creased radiation  losses  out  of  the  open  end. 
For  this  case,  the  tube  temperature  would  be 
about  176°K  for  the  lightly  insulated  tube 
and  about  llO’K  for  the  heavily  insulated 
tube.  If  the  heat  pipes  were  40  centimeters 
apart,  the  wall  temperature,  midway  between 
the  heat  pipes  right  at  the  opening,  would  be 
about  2.5°  less  than  the  heat-pipe  tempera- 
ture for  the  lightly  insulated  tube  and  would 
be  about  0.5°  less  for  the  heavily  insulated 
tube.  Extending  the  tube  beyond  the  ends  of 
the  heat  pipes  would  conserve  heat  and  thus 
would  provide  a higher  temperature,  and  also 
a more  uniform  temperature,  in  the  section 
containing  the  heat  pipes. 

To  summarize,  it  has  been  shown  that: 

(1)  a heated  collar  in  a welHnsulated  tube  can 
provide  a relatively  constant  mean  tempeia- 
ture  but  cannot  assure  longitudinr!  tempera- 
ture uniformity  to  better  than  a few  degrees; 

(2)  longitudin^  uniformity  can  be  improved 
by  longitudinal  heat  pipes;  and  (3)  extending 
the  tube  beyond  the  uniform-temperature 
section  will  minimize  the  escape  of  radiation. 
Combinations  of  longitudinal  heat  pipes  with 
circumferential  heat  pipes  (fig.  4)  and  collars 
are  reasonably  apparent  but  were  not  studied. 

Mirror  Temperature  Uniformity 

The  mirror  requires  an  especially  uni- 
form and,  presumably,  constant  temperature. 


Its  front  face,  because  of  the  specular  coating, 
has  a relatively  low  but  not  negligible  radi- 
ation interchange  with  the  inside  of  the  tube. 
The  back  surface  is,  or  can  be  made,  highly 
absorptive  to  radiation.  The  approach  to  very 
precise  thermal  control  of  the  mirror  would 
appear  to  be  mainly  through  radiation  inter- 
change with  an  accurately  isothermal, 
constant-temperature  disk  behind  it.  Keeping 
at  least  thp  lower  part  of  the  telescope  tube  at 
the  same  constant  and  uniform  temperature 
would  appear  to  be  a desirable  auxiliary  goal. 

Vapor  Chamber 

The  disk  could  be  the  surface  of  a thin, 
flat,  vapor  chamber,  heavily  insulated  on  the 
side  away  from  the  mirror  (lower  sketch  in 
fig.  4).  Bringing  the  lower  ends  of  the  longi- 
tudinal heat  pipes  into  the  chamber  will 
assure  that  the  tube  itself  has  nearly  the  same 
temperature  as  the  vapor  chamber,  thus  pro- 
viding the  desired  nearly-isotheimal  radiation 
environment  for  the  mirror.  This  approach 
eliminates  or  reduces  the  need  for  the  heated 
collar  although  it  transfers  the  problem  of 
supplying  carefully  controlled  heat  from  the 
collar  to  the  vapor  chamber. 

Heat-Pipe  Temperatures 

The  surface  of  the  vapor  chamber  may 
be  assumed  to  have  an  extremely  uniform 
temperature.  The  temperatures  of  the  long 
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Figure  4.  TUbe  with  longitudinal  heat  pipes. 
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heat  pipes,  however,  will  be  less  uniform, 
mainly  because  of  the  temperature  drops 
through  the  wick  (here  assumed  to  be  0.25 
millimeters  thick).  For  the  configuration 
shown  in  figure  4 (with  no  external  radiation 
heat  input,  light  insulation,  a temperature  of 
225°K,  and  heat  pipes  40  centimeters  apart), 
the  temperature  drop  through  the  wick  in  the 
main  part  of  the  heat  pipe  might  be  about 
0.1°.  The  portion  of  the  heat  pipe  that  lies 
within  the  vapor  chamber  is  perhaps  only  one- 
tenth  as  long  as  the  portion  that  extends 
along  the  telescope  tube;  furthermore,  it  has 
wicking  on  both  its  inner  and  outer  surfaces. 
Hence,  the  temperature  drop  between  the 
vapor  chamber  and  the  inside  of  the  heat  pipe 
might  be  about  2°  and  is  thus  the  major  part 
of  the  temperature  difference  between  the 
telescope  tube  and  the  vapor  chamber. 

The  preceding  calculation  neglects  the 
heat  lost  by  radiation  out  of  the  tube  opening 
(and  which  must  be  abstracted  from  the 
adjacent  ends  of  the  heat  pipes)  and  thus 
underestimates  the  problent  If  the  heat  pipes 
extend  all  the  way  to  the  opening,  this  heat 
loss  will  require  an  additional  2°  temperaPire 
drop  across  the  beat-pipe  wicks  in  the  vapor 
chamber.  (This  result  assumes  a 3-meter- 
diameter  tube  with  heat  pipes  40  centimeters 
apart.)  Extending  the  tube  3 radii  beyond  the 
isothermal  part  (the  part  served  by  the  heat 
pipes)  will  reduce  this  heat  loss  by  a factor  of 
5,  as  previously  mentioned,  and  correspond- 
ingly will  reduce  the  additional  temperature 
drop  across  the  heat-pipe  wicks  to  about  0.5°. 
These  additional  temperature  drops  vary  with 
the  fourth  power  of  the  tube  temperature. 
For  example,  they  would  be  three  times  as 
large  if  the  tube  temperature  were  300°  K 
instead  of  225°K. 

A separately  heated  collar  near*4he  tube 
opening  could  minimize  the  heat-transfer 
requirements  of  the  heat  pipes  and  could 
nearly  eliminate  any  temperature  difference 
between  the  vapor  chamber  and  the  telescope 
tube. 


Balloon  Enclosures 

In  his  1962  paper  in  the  American 
Scientist,  Professor  Spitzer  sugge«tcJ  that  the 


thermal  problem  could  be  lightened  by  en- 
closing the  entire  telescope  in  a balloon.  A 
model  of  such  an  arrangement  has  been 
studied  in  a space  simulation  chamber  at  the 
Langley  Research  Center.  Some  results  are 
shown  in  figure  5 (from  a paper  by  George  E. 
Sweet;  to  be  published).  The  external  surface 
had  an  average  solar-absorptance/thermal- 
emittance  ratio  of  1.1,  which  provided  a mean 
internal  radiation  temperature  of  about 
290°K  when  the  balloon  was  irradiated  with 
simulated  sunlight.  The  inside  surface  of  the 
balloon  was  lightly  anodized;  the  outside 
surface  of  the  “telescope”  tube  was  specular. 
The  temperature  of  the  radiation  striking  the 
outside  surface  of  the  tube  was  uniform  to 
within  about  ±5°  for  s range  of  orientations. 
This  uniformity,  considered  in  terms  of  vai> 
ations  in  (radiation  temperature)^ , is  over  20 
times  better  than  that  for  an  unenclosed  tube 
irradiated  from  one  side  by  sunlight.  Further- 
more, as  figure  5 shows,  the  mean  radiation 
temperature  over  the  tube  is  almost  indepen- 
dent of  the  orientation  of  the  tube  relative  to 
the  sun. 

The  balloon  could  thus  be  very  helpful 
although,  without  some  additional  thermal 
control,  it  cannot  nrovide  extreme  tempera- 
ture uniformity  and  constancy.  When  one 
considers  what  types  of  additional  means 
would  be  required  to  achieve  such  very  pre- 
cise thermal  control,  one  returns  again  to  the 
previously  discussed  vapor  chamber,  collar, 
insulation,  and  heat  pipes.  Use  of  the  balloon 
should,  however,  greatly  simplify  the  design 
requirements  for  all  of  these  components. 

Concluding  Remarks 

This  paper  has  discussed  some  ap- 
proaches to  achieving  very  precise  thermal 
control  of  a large  orbiting  telescope.  All  of 
these  approaches  involve  considerable  effort, 
cost,  weight,  and  complexity  and,  accord- 
ingly, would  not  be  used  without  ^t  care- 
fully judging  the  need.  They  represent  a 
reserve  from  which  to  draw  as  the  occasion 
warrants. 

The  technology  required  for  these 
approaches  is  not  yet  completely  in  hard.  For 


i 


fa)  Porthole  closed;  inteirud  heaters  off. 


V 


% 


CONSIDERATIONS  uN  PRECISION  TEMPERATURE  CONTE  OL  423 


I 
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ftgidre  5.  Radiation  temperature  inside  balloon;  porthole  located  at  the  100  percent  diameter. 
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example,  heat  pipes  as  long  as  those  discussed  required.  Methods  of  supplying  the  heat  elec- 

in  this  paper  have  not  yet  been  built,  nor  have  trically  are  reasonably  apparent;  however, 

the  large  vapor  chambers  been  built,  espe-  solar  heat  would  seem  to  be  a preferable 

dally  vapor  chambers  containing  many  in-  source.  Therefore,  methods  of  transferring 

serted  heat  pipes.  Study  of  the  means  of  solar  heat  in  a carefully  controlled  manner 

supplying  carefully  controlled  heat  to  the  (perliaps  with  electrical  heating  as  a fine  con- 

vapor  chamber  or  to  the  heated  collar  is  also  trol)  require  development. 
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Introduction 

Langley  Research  Center  personnel  are 
engaged  in  research  efforts  directed  toward 
the  development  of  integrated  vehicle  stabi- 
lization and  experiment  pointing  r/stems  for 
large  spacecraft.  This  work  was  initially 
focused  on  the  Apollo  Tehscope  Mount 
(ATM)  cluster  (fig.  I ) and  is  currently  focused 
on  the  mid-70*s  space  station.  Work  on  the 
ATM  included  control  moment  gyro  (CMC) 
configuration  (fig.  2,  ref.  1)  and  concrol  logic 
definition  (fig.  3),  CMG-system  test-plan  de- 
velopment (ref.  2),  CMC  full-scale  prototype 
unit  evaluation  (fig.  4),  3-CMG  digital- 
hardware  ATM  static  simulation  (fig.  5, 
ref.  3),  and  3-CMG  digital-hardware  ATM 
dynamic  simulation  (fig.  6).  Current  effort  on 
space  station  systems  development  is  twofold: 
estaUishing  what  the  systems  are  and  detei> 
mining  how  they  should  be  simulated. 

Typical  Space  Station  Configuradon 

A candidate  station  is  shown  in  figure  7. 
Configuration  definition  is  an  obvious  and 
necessary  step  in  the  development  of  a 
dynamic  model  of  a space  station.  The  ra- 
tionale for  this  configuration  definition  in- 
cludes the  following: 

1.  Space  operations  hangar  and  logis- 
tics docking  facilities  are  located  on  the 
opposite  end  of  the  station  firom  the  expen 
iment  areas  for  minimum  interference  with 
experiment  activities. 

2.  Hangar  and  logistics  systems  are 
isolated  from  the  station  by  an  airiock  cud  are 
used  for  emergency  shelter. 


3.  Manned  centrifuge  is  located  near 
the  center  of  gravity  of  the  station  to 
minimize  disturbance  inputs  from  the  centri- 
fuge. 

4.  CMG  system  an'.l  nuLy  equipment 
are  isolated  from  living  and  experiment  areas 
by  the  centrifuge  to  localize  noise  environ- 
ment. 

5.  Single-gimbal  solar  array  (with 
station  roll  a.tis  as  second  gimbal)  is  used  to 
provide  experiment  pointing  flexibility  and  to 
simplify  operation.  This  gimbal  is  located  near 
the  machinery  area  and  center  of  gravity  of 
the  station. 

6.  Earth-resources  module  is  located 
along  the  mininvum  axis  of  inertia  of  the 
station  to  eliminate  gravity  gradients  in  earth- 
pointing  mode. 

7.  Station  has  neai>sph!..iical  inertia 
distribution  to  minimize  gravity-gradient 
disturbances. 

8.  Space  hangar  is  used  as  a counter- 
weight for  artificial  gravity  mode. 

9.  Station  design  provides  for  expan- 
sion capability. 

These  general  design  criteria  have  re- 
sulted in  a configuration  that  should  be 
typical  of  a long-term  orbiting  space  station. 
Mass,  inertia,  and  dimensional  data  for  this 
configuration  are  being  developed  (refs.  4 ,S). 

Research  effort  is  organized  into  four 
areas:  vehicle  stabilization,  vehicle  dynamics, 
experiment  pointing,  and  disturbances.  These 
four  areas  comprise  the  integrated  physical 
system  being  studied. 
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Precise,  long-term  stabilization  of  a large 
manned  spacecraft  requires  an  advanced  or 
second-generation  CMG  system,  relative  to 
the  ATM  CMG  system.  Large  an^e  maneuver, 
possible  long-term  earth  pointing,  and  arti- 
ficial g (spinning)  operational  modes  require 
continuous,  spherical,  CMG,  momentum 
vector  freedom  and  therefore  make  the 
SIXPAC  configuration  (ATM)  attractive. 
Inner  and  outer  CMG  axis  slip  rings  are  re- 
quired as  are  improved  actuator-gimbal 
bandwidths,  minimum  smooth  rates,  and 
critical-component-replacement  capability. 
On  the  assumption  that  solar  panels  will 
provide  power,  DC  brushless  spin  motors 
appear  to  offer  power  savings. 

The  state-of-the-art  of  the  logic  for  the 
vehicle  stabilization  system  is  proportional 
and  rate-limited  with  CMG  torque  produced 
by  gimbal  rate  commands  from  analog  steer^ 
ing  laws.  These  steering  laws  (ref.  6)  are  either 
open  loop,  torque  feedback,  or  momentum 
feedback  as  exists  on  ATM  (ref.  7).  Current 
research  is  directed  toward  optimal,  state- 
space  vector  systems  using  a (Ugital  control 
computer. 

Reference-sensor  system  concepts  for 
vehicle  attitude  include  solar  reference 
(analog  or  digital  solar  sensors)  with  star 


tracker  update,  earth  reference  (horizon 
scanner)  with  solar  or  stellar  update,  stella^' 
reference  with  solar  update,  and  inertial  unit 
during  large  angle,  maneuver-reference  tran- 
sition. 

Vehicle  Dynamics 

Large  multimodule  spacecraft  with  solar 
arrays  characteristically  have  several  low- 
frequency  (less  than  1.0  hertz)  flexible-body 
modes  superimposed  on  large-inertia  rigid- 
body  modes.  High  docking-connection 
compliance,  necessitated  by  docking  require- 
ments themselves,  and  solar  array  size,  neces- 
sitated by  large  spacecraft  system  power 
demands,  are  the  main  contributors  to  vehicle 
flexibility.  Variable  rigid-body  and  flexible- 
body  dynamics  is  a second  important  space- 
craft characteristic.  The  variation  is  a result  of 
continuous  solar  array  reorientation  and  basic 
configuration  changes  when  modules  or  logis- 
tic vehicles  are  docked  or  undocked.  State-of- 
the-art  vehicle  stabilization  systems  (for 
example,  ATM)  include  separate  vehicle- 
bending-mode filters  that  are  designed  to  gain 
stabilize  one  configuration  only.  A single, 
adaptive,  phase-stabilized,  digital  system  is  an 
obvious  solution  to  variable  low-frequency 
vehicle  bending;  however,  considerable  re- 
search effort  is  required  before  prototype 
hardware  can  be  built. 


Experiment  Pointing  Systems 

Broad  categories  of  experiments  re- 
quiring low  ambient  acceleration,  pointing 
control,  or  free-flying  modules  include  space 
biology,  space  manufacturing,  earth  resources, 
solar  astronomy,  astronomy  survey,  high 
energy  astro^.omy,  and  both  stellar  and 
galactic  astronomy. 

Low  ambient  acceleration  can  be 
obtained  by  passive  systems  that  isolate 
flexible-body  vibration,  provided  that  rigic'- 
body  slewing  rates  are  below  controlled  upper 
bounds.  Pointing  control  can  be  provided  by 
passive  isolation  of  the  experiment  package  or 
canister  from  vehicle  vibration  and  by  active 


428 


OPTICAL  TELESCOPE  TECHNOLOGY 


control,  using  sensors  on  board  the  experi- 
ment package  and  lorquing  against  the  vehicle 
inertia  or  against  onboard  stored  momentum. 

An  artist’s  concept  of  the  ATM  vernier- 
pointing control  system  (VPCS)  is  shown  in 
figure  8.  This  two-degree-of-freedom  system 
has  passive  (low  torsional  stiffness  springs) 
and  active  (DC  torquers  and  onboard  sensors) 
pitch  and  yaw  pointing  control,  with  an 
accuracy  of  2.5  arc  seconds.  Roll  positioning 
capability  is  also  prowded.  Initial  analyses  of 
the  ATM  yPCS  with  ideal  sensors  indicate  an 
order  of  magnitude  improvement  in  pointing 
accuracy  is  possible  with  this  system  (ref.  8). 

Six-degree-of-freedom  systems  attached 
to  the  main  vehicle  may  possibly  provide  the 
0.01 -arc-second  accuracy  required  for  galactic 
astronomy;  however,  complete  six-degree-of- 
freedom  isolation  or  free-flying  experiment 
modules  may  be  required. 


Figure  8.  ATM  vernier-pointing  control  system. 


Disturbances 

Vehicle  and  experiment  package  distur- 
bances are  appropriately  grouped  as  long  or 
short  term.  Long-term  disturbances  are 
primarily  gravity-gradient  and  aercJynamic 
torques.  Gravity-gradient  torques  act  on  a 
spacecraft  in  a plane  perpendicular  to  local 
vertical  and  are  a function  of  vehicle  inertia 
differences  and  attitude  orientation,  being 
zero  at  any  orientation  for  a vehicle  with  a 


spherical  inertia  ellipsoid.  Aerodynamic 
torques  result  when  the  center  of  pressure  and 
center  of  mass  of  the  vehicle  are  not  coin- 
cident. Long-term  disturbances  act  on  rigid- 
body  modes  and  affect  vehicle  stabilization 
primarily.  Short-term  disturbajices  include 
crew- motion  and  onboard- machinery  (for 
example,  a centrifuge)  local  force  and 
moment  profiles.  These  disturbances  are 
internal  to  the  spacecraft  and  act  primarily  on 
vehicle  and  experiment-package  flexible-body 
modes  affecting  vehicle  and  experiment- 
package  pointing. 

Long-term  (external)  disturbance 
torques  will  saturate  a CMG  system  when  the 
time  integral  of  the  disturbance  torque 
exceeds  the  initial  stored  momentum  of  the 
system.  Gravity-gradient  desaturation  logic 
can  prevent  this  condition  by  orienting  the 
vehicle  so  that  the  time  integral  of  the  distur- 
bance torques  is  bounded  at  a value  that  is 
below  the  stored  momentum  of  the  CMG 
system.  If  pointing  requirements  conflict  with 
gravity-gradient  desaturation  orientations, 
desaturation  must  be  accomplished  by  using 
reaction-jet  torques;  however,  long-term  fuel 
requirements  and  limitations  on  contam- 
ination of  the  externa]  environment  of  the 
spacecraft  may  prohibit  reaction-jet  use.  A 
technique  Is  being  developed  at  the  Langley 
Research  Center  called  “quiescent  dump,” 
whereby  the  spacecraft  performs  desaturation 
maneuvers  during  periods  of  experiment- 
pointing inactivity  and,  for  given  experiments, 
chooses  vehicle  orientations  that  minimize 
accumulated  momentum. 

Short-term  disturbances  excite  flexible- 
body  modes.  The  energy  associated  with  these 
modes  passes  from  the  vehicle,  through  the 
passive  isolation  system  of  the  experiment 
package,  to  the  experimental  apparatus  itself 
and  may  ruin  a given  experiment.  Control- 
system  active  damping  (phase  stabilization)  of 
the  lower  bending  modes  reduces  vehicle 
energy  level.  Phase  stabilization  requires  CMG 
bandwidths  well  above  the  frequencies  of  any 
modes  to  be  actively  damped.  CMG  opti- 
mization work  at  the  Langley  Research 
Center  and  the  Marshall  Space  Flight  Center 
includes  effort  to  improve  CMG  gimbal  drive 
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response  by  using  low  backlash  and  antiback* 
lash  mechanical  transmissions.  Chrect-drive 
hydraulic  torquers  are  also  being  considered 
for  future  spacecraft  having  hydraulic  systems 
on  board. 

Integrated  System  Control  Functions 

Spacecraft  performance  can  be  evaluated 
by  simulating  the  control  functions  associated 
with  spacecraft  operational  modes.  A 
performance  index  that  considers  the  perfor- 
mance of  each  simulated  control  function  can 
provide  a quantitative  system  rating.  This 
performance  index  is  an  initial  requirement 
prior  to  any  system  development.  The  follow- 
ing is  a list  of  spacecraft  pointing  and  stabi- 
lization control  functions: 

Long-term  vehicle  stability 
Long-term  experiment  pointing 
Large  angle  spacecraft  maneuvers 
Simultaneous  target  tracking 
Solar  array  pointing 
Short-term  vehicle  damping 
Short-term  experiment  pointing 
Centrifuge  operation 
Crew  operations 

Module  or  logistic  vehicle  docking 
Free-fly  module  control 
Spacecraft  transition  to  spin 
Spinning  spacecraft  control 

These  control  functions  will  be  examined  at 
the  Langley  Research  Center  by  using  a space- 
station,  digital-computer-hardware  simulation, 
including  man-in-the-loop. 

Sunulation  Description 

The  foUowing  is  a description  of  the 
proposed  Langley  Research  Center  space 
station  simulation.  The  simulation  is  intended 
as  a general-purpose  engineering  tool  to  aid 
and  to  help  direct  effort  on  space-station- 
vehicle  and  experiment-pointing  systems 
research.  It  is  a logical  extension  of  initial 
theoretical  analyses  and  nonreal-time 
computer  simulation  and  will  serve  as  a focal 
point  for  integrated  research  on  total  system 
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capability.  The  proposed  simulation  is  illus- 
trated in  figures  9 and  10. 

Central  control  is  provided  by  a program 
control  station  (fig.  11).  This  station  allows 
control  over  the  Langley  Research  Center 
CDC  6600  coniputer  and  input/cutput  hard- 
ware. The  station  includes  a simulation 
console  for  data  entry  and  control,  a display 
console  fo:  post-operation  data  display,  a 
typewriter  for  data  exit  and  operator 
comment,  recorders,  X-Y  plotters,  and  site 
communications.  The  computer  system  allows 
memory  up  to  130,000  60-bit  words, 
192  digital-to-analog  converters  (to  sites), 
80  analog-to-digital  converters  (from  sites), 
and  960  discretes  eac*'  from  sites  and  to  sites. 
The  application  time  iteration  for  simu- 
lation calculation  is  shown  in  figure  1 2.  The 
refined  Langley  Research  Center  ATM  simula- 
tion presently  uses  6.S  milliseconds  operating 
with  a frame  time  of  1/32  of  a second,  while 
dedicated  machine  availability  is  27  milli- 
seconds at  this  frame  time.  This  allows  an 
increase  in  simulation  complexity  of  over 
400  percent.  Computer  main  routines  will 
include  vehicle  rigid-body  and  flexible-body 
dynamics,  CMC  steering  laws,  CMC  gravity- 
gradient  desaturation  logic,  vehicle-pointing- 
control  logic,  external  and  internal 
disturbance  profiles,  vehicle  and  experiment 
attitude  and  update  logic,  monitor  and 
diagnostic  logic,  and  the  pointing-control 
logic  and  hardware  simulation  for  earth,  solar, 
and  stellar  experiments. 

A second-generation  CMC  system 
(modified  SIXPAC,  fig.  S)  mounted  in  torque 
measurement  fixtures  (similar  to  the  fixture 
shown  in  fig.  4),  which,  in  turn,  is  mounted 
on  the  inner  axis  of  a tlvee-axis-control  flight 
test  bed  (fig  6),  is  housed  at  the  second 
simulation  site.  electronics  and  simula- 
tion interface  electronics  are  housed  in  an 
adjacent  control  room  (fig.  13).  Two, 
14-channel,  FM  tape  recorders  in  this  control 
room  allow  continuous,  prerecorded, 
astronaut-force  and  moment-disturbance 
profiles  to  be  fed  to  the  computer. 

The  third  simulation  site  is  the  Free- 
Body  Dynamics  Facility  (fig  14).  This 
60-foot  sphere  will  serve  as  a sensor  location 
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Figure  9.  Simulation  configumtion;  full-scale,  control-system  test  concept. 


and  will  aUow  actual  sensor  characteristics 
and  their  limitations  to  be  included  in  the 
real-time  simulation.  The  sensors  will  be 
mou!ited  on  a small,  high*accuracy,  computer- 
driven,  servo  table  (fig.  1 5)  positioned  at  the 
center  of  the  sphere.  Planet,  solar,  and  stellar 
radiation  simulators  (figs.  16,  17,  and  18) 
housed  in  the  sphere  will  be  rotated  or 
positioned  to  simulate  the  position  and  atti- 
tude of  the  space  station  in  orbit. 

An  integrated  vehicle-and-experiment- 
pointing-systems  control  console  (shown  as  a 
cardboard  model  in  fig.  1 9 and  in  initial  lay- 
out form  in  fig.  20)  will  be  housed  at  the 
fourth  simulation  site.  This  console  will  allow 


an  evaluation  of  man’s  computer-aided  capa- 
bility both  to  control  the  vehicle-and- 
experiment  pointing  systems  and  to  monitor 
and  diagnose  system  status,  failure,  and 
redundant  component  switching. 

The  earth,  solar,  and  stellar  pointing  sub- 
systems comprise  the  final  simulation  sites. 
Specific  simulation  software  and  hardware  at 
these  sites  is  not  defined  at  the  present  time. 
The  concept  of  experiment-pointing-system 
evaluation,  coupled  with  control-system  hard- 
ware and  computer  software,  has  been  de- 
fined. Figure  21  shows  an  example,  the  ATM 
solar-experiment  test  setup  at  the  Marshall 
Space  Flight  Center. 
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Figure  10.  Space-station  simulatioru  Figure  12.  Computer  computational  capability. 
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Figure  14.  Free-body  dynamics  facility  model 


Figure  16.  Free-body  dynamics  facility,  planet  radi- 
ation source. 
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Figure  21.  Experiment-pointing  control  simulator. 


Conclusions 

Basic  definitions  of  vehicle-stabilization 
and  experiment-package  pointing  systems 
exist  for  a space  station  typical  of  the  one 
illustrated  in  figure  7.  Detailed  research  on 
these  systems  is  being  accomplished.  The 
ATM  cluster  will  provide  dati  on  flight- 
hardware  versions  of  initial  systems.  The 
Langley  Research  Center  space-station  simula- 
tion will  provide  a capability  to  evaluate 
proposed  future  systems,  to  establish  control- 
computer  requirements  as  well  as  monitoring 
and  diagnostic  requirements,  to  evaluate 
simulation  techniques  to  determine  capa- 
bility, and  to  deflne  pointing-control-system 
impact  on  total  station  design. 
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Introduction 

^ The  Apollo  Telescope  Mount  (ATM)  is  a 

manned  solar  observatory.  The  broad  objec- 
tive  of  ATM  experiments  is  to  increase  our 
^ knowledge  of  the  solar  environment  by  ob- 
serving it  from  a station  above  the  major 
portion  of  the  earth’s  atmosphere.  It  is  being 
developed  for  launch  during  1 972. 

I The  ATM  with  its  associated  cluster 

: (fig.  1)  will  be  placed  in  SSA-kilometer 

i (180-nautical-miie)  circular  orbit  at  an  orbital 

^ inclination  relative  to  the  earth’s  equatorial 
I plane  of  35  degrees.  A manned  flight  duration 

« of  56  days  is  planned.  This  is  to  be  followed 

* by  an  unmanned  storage  mode  in  which  a 

/ limited  amount  of  experimental  data  will  con- 

< tinue  to  be  gathered. 

I The  major  objectives  of  the  ATM  are: 

~ 1.  To  obtain  specific  data  on  the  char- 

I.  acteristics  of  the  sun  through  observation  of 

t various  portions  of  its  electromagnetic 

j spectrum 


1 

t 
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2.  To  obtain  engineering  data  for  aid  in 
the  design  and  establishment  of  future 
manned  solar  and  stellar  observatories. 

To  meet  the  scientific  objectives  of  the 
ATM  mission,  it  was  necessary  to  develop  a 
pointing  and  control  subsystem  (PCS)  that 
would  meet  the  high*accuracy  pointing  re- 
quirements of  the  ATM  experiments  under 
both  external  and  internal  disturbances  such 
as  gravity  gradient,  aerodynamic,  and  onboard 
astronaut  motion.  It  was  also  necessary  to 
minimize  the  expulsion  of  mass  from  the  ve- 
hicle when  taking  scientific  data  to  avoid 
contamination  of  the  sensitive  elements  of  the 
various  ATM  experiments.  A third  consider- 
ation was  to  keep  the  weight  of  the  system  to 
a minimum. 

The  developed  PCS  was  divided  into  two 
major  pointing  and  control  subsystems;  one 
to  provide  pointing  and  control  of  the  cluster 
and  the  ether  to  provide  fine  pointing  and 
control  Oi  the  experiment  spar.  In  compliance 
with  mission  objectives,  a momentum- 
exchange  device  was  chosen  as  the  control 
torque  source  for  cluster  control.  The 
momentum-exchange  device  selected  was  the 
control  moment  gyro  (CMC),  and  the  sub- 
system using  CMG’s  as  actuators  was  the 
”CMG  control  subsystem.”  The  fine  pointing 
and  control  requirements  of  the  spar  resulted 
in  the  development  of  a control  system  usin^ 
flex-pivot  gimbal  bearings*  for  control  about 
two  axes  and  an  open-loop,  roll,  crank-around 
device  to  meet  positioning  requirements 
about  the  third  axis.  Dynamic  control  about 

* A flax-pivot  gimbal  bearing  is  made  of  a pair  of  flat 
aois4e^  *prings,  it  welded  to  <uid  supported  by 
rotating  sleeves,  hat  no  backltah,  and  provider 
limited  angular  travel. 

43*» 


Figure  J.  Apotto  eppiktttimtt  progpm,  fUgfttt  3 A 4. 
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the  third  axis  is  supplied  lv*the  CMC^comro/ 
subsystem.  The  control  system  associated 
with  fine  pointing  and  control  of  the  spar  is 
known  as  the  experiment  pointing  and  con- 
trol (EPC)  subsystem. 

System  Requirements 

The  ATM  PCS  is  required  to  point  an 
experiment  spar  to  any  spot  on  or  near  the 
solar  disc  and,  in  the  face  of  disti  rtrsnce 
torques  (table  I)  encountered  by  the  manned 


Table  1.  Major  Disturbance  Torques 


Disturbance 

Torque 

Peak  Torque 
(NM) 

Frequency 

Gravity  gradient 

8 

Twice  orbital  period 

Aerodynamic 

2 

Orbitfll  period 

Magnetic 

0.16* 

Orbital  period 

Man  motion 

720 

Predominantly 
0.1  to  1 Hz 

Venting  and 
gas  leakage 

Notq>ecified 

Variable 

* Maximum  average  torque  per  orbit 


space  station  in  its  334-kilomcter.  circular 
orbit,  to  maintain  its  required  pointing  ac- 
curacy and  stability  as  illustrated  in  table  2.* 
These  pointing  requirements  are  illus- 
trated in  figure  2,  which  portrays  the 
experiment-package  reference  .ixis  offset  from 
the  line-of-si^t  to  the  center  of  the  sun  by 
the  maximum  offset  angle,^Q.of  20  arc  min- 
utes (solar  radius  is  16  arc  minutes).  At  this 

* For  the  PCS  daai|n  reqpiramsats,  roll  is  defined  aa 
the  angular  rotation  a^t  the  lina-of-  aight  from 
the  experiment  packagi  to  the  center  of  the  sun, 
and  pitch  and  yaw  are  the  anall  angular  deviations 
of  the  experiment  package  with  reinect  to  this  line- 
of  sight. 
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Table  2.  Pointing  Accuracy  and  Stabili tv 

Stability 

System  Pointing  (For  IS  min) 
CMC  roU  ilO  arc  min  ±7.5  arc  min 
CMC  pitch 

and  yaw  ±4  arc  min  ±9arcriu>i 

EPC  roll  ±10  arc  min  - 


FlguraZ  Command  pointing  raquirraiaHtt 


offset  angle  and  because  of  the 
±10-afc-minute  uncertainty  of  the  roll  angle* 
dh  the  commanded  point  in  the  plane  of  the 


solar  disc  will  he  anywhere  along  arc  length 
LM,  which,  for  small  angles,  may  t)e  approxi- 
mated by  e»  ±3.5  arc  seconds.  If.  in  addition, 
the  ±2.S-aro-second  uncertainty  of  fdtch  and 
yaw  is  i tduded,  the  actual  commttnded  refe^ 
ence  point  will  lie  anywhere  within  reg^tMi 
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STABIUZATION  AND  CONTROL  OF  ATM 


ABCD,  which  is  the  command  point  un- 
certainly (fig.  2).  Since  all  angles  are  small, 
area  ABCD  may  be  considered  to  be  a rec- 
tangle w^th  a width  of  5 arc  seconds  (illus- 
trated by  ep)  and  a length  of  12  arc  seconds 
(illustrated  ^y  ey)  at  an  offset  angje,  = 
20  arc  minutes. 

The  control  system  stability  require- 
ments around  a>>y  actual  reference  point  are 
illustrated  in  figure  3,  where  point  A is  con- 
sidered as  the  actual  commanded  reference 
point.  Arc  length,  PQ,  in  the  plane  of  the 
solar  disc  is  generated  by  the  ±7. 5-arc-minute 
roll  excursion  during  a 1 5-minute  time  inter- 
val with  a 20-arc-minute  offset  from  the 
center  of  the  sun.  It  may  be  approximated  by 
an  angle,  0y,  of  ±2.5  arc  seconds.  The  in- 
clusion of  pitch  and  yaw  uncertainty  of  ±2.5 
arc  seconds  generates  the  area  EFGH,  which  is 
the  locus  of  points  for  the  control  of  the  ex- 
periment package  reference  axis  around  the 
commanded  reference  point  A.  Since  all 


Figure  3.  Control  requirements  around  actual  refer- 
ence  point  (15-minute  period). 


439 

angles  are  small,  area  EFGH  may  be  approxi- 
mated as  a rectangjle  with  a width  of 
5 arc  seconds  (0p)  and  a length  of 
10  arc  seconds  (0y),  again  assuming  a 20-arc- 
minute  offset  an^e.  Since  the  center  of  area 
EFGH  can  be  any  point  within  area  ABCD, 
the  command  pointing  uncertainty  may  be 
combined  with  that  for  the  control  around  an 
actual  reference  point.  This  results  in  an  over- 
all experiment-package  pointing  uncertainty 
that  may  be  approximated  by  a rectangle  with 
a width  of  10  arc  seconds  and  a length  of 
22  arc  seconds,  as  illustrated  in  figure  3. 

CMG  Control  Subsystem 

The  CMG  control  subsystem  is  a 
momentum-exchange  control  svstem.  The 
momentuno-exchange  devices  ai  three  or- 
thogonally mounted,  double-gimbaled  CMG’s 
(fig.  4);  each  has  a stored  momentum  capa- 
bility of  2700  Newton  seconds.  The  moments 
of  inertia  and  mass  data  of  the  ATM  cluster 
are  presented  in  table  3. 

The  use  of  CMG’s  in  the  pointing  and 
control  of  a large  manned  space  station  is 
new,  and  the  problems  associated  with  that 
type  of  system  are  unique  and  were  unsolved. 
Some  of  the  problems  encountered  in  the 
development  of  the  CMG  control  subsystem 
were: 


Figure  4.  CMG  cluster. 
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Table  S.  Moments  of  Inertia  and  Mess  of A TM  Cluster 


0.8711  X 10‘  kg-m* 

12 

0.5497  X 10'’  kg  m* 

13 

0.5254  X 10’  kg-m^ 

Mass  = 

0.5409x10®  kg 

1 . An  acceptable  control  law  for  use  of 
the  CMG’s  in  control  of  the  ATM  cluster. 

2.  A means  for  preventing  the  CMG’s 
from  “falling  into”  an  undesirable  orientation 
such  as  that  which  would  not  allow  the  use  of 
the  CMG’s  to  control  the  spacecraft  even 
though  the  CMG  cluster  was  not  in  its  satu- 
rated momentum  state. 

3.  A means  of  desaturating  the  CMG 
cluster  periodically  without  the  use  of  a 
mass-expulsion  reaction  control  system 
(RCS).  A method  was  needed  to  permit 
torques  produced  by  an  external  force  field, 
such  as  gravity  gradient,  to  be  used  to  effect 
CMG  momentum  desaturation. 


The  reaction  moment  of  an  ideal  cluster 
of  CMG’s  on  the  vehicle  can  be  expressed  by 
equation  1. 


Mrv  = - 


dH 


TI 


dt 


I-space  = - 


^ Wjy  x Hjy 


dH 


TV 


dt 


(1) 


4.  The  optimal  orientation  of  the  vehi- 
cle to  minimize  external  bias  torques  that 
would  tend  to  saturate  the  CMG  cluster;  i.e., 
the  placement  of  the  minimum  principal  axis 
of  inertia  into  the  orbital  plane. 

Acceptable  control  laws  for  use  of  the 
CMG’s  in  control  of  the  ATM  cluster  were 
developed.  A detailed  derivation  of  these  laws 
is  given  in  references  1,  2,  and  3;  only  the 
basic  concepts  considered  in  the  development 
of  these  control  laws  will  be  discussed  in  this 
paper.  Figure  5 shows  a single  CMG. 

The  CMG  is  a two-degree-of-freedom 
gyroscopic  device  used  to  generate  controlled 
moments  on  its  mounting  base.  It  consists  of 
a constant-speed  wheel  held  in  a housing;  this 
is  called  the  inner  gimbal.  The  iimer  gimbal  is 
coupled  to  the  outer  gimbal  through  a pivot 
that  is  perpendicular  to  the  wheel  spin  vector. 
The  outer  gimbal  is  coupled  to  the  base  by 
the  outer  pivot.  The  two  pivots  are  driven  by 
geared  torquers. 


where  Hjy  is  the  total  angular  momentum  of 
the  CMG  cluster  as  expressed  in  vehicle  space 
and  c3j\r  is  the  inertial  angular  velocity  of  the 
vehicle.  Equation  1 can  be  simplified  by  ex- 
pressing the  individual  momentum  of  each 
CMG  in  inner  gimbal  space,  as  shown  in 
equation  2. 


|A-space 


A(j)  * ^A(j)  ^ ^IV  * Hjyj 

(2) 

nphon  that  Wjy  «wvA(j) 
t wheel  speed;  i.e. 
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^RV  " ■ L ‘^VACj)  ^ ^A(j)  (3) 

j=l 

Equation  3 may  be  expressed  in  matrix 
form  ( 1 ] relating  the  reaction  moment  about 
the  various  vehicle  axes  to  the  torquer  rate 
commands  on  the  individual  CMG  inner  and 
outer  gimbals,  equation  4. 


‘l(2)C^ 


b(l)C' 

b(2)C' 

» 

53(3)C' 


Mryv  = I A]  [Tj]  M^yv  (6) 


Tlie  six  CMG  relative  gimbal  rates  must 
be  commanded,  based  upon  information 
derived  from  body-mounted  attitude  and  rate 
sensors.  Because  these  sensors  are  aligned  to 
the  geometric  body  axes,  they  provide  info^ 
mation  relative  only  to  these  three  axes.  This 
three-dimensional  information  must  now  be 
routed  or  “steered”  to  provide  six  com- 
manded CMG  gimbal  rates  that  ^ill  produce  a 
reaction  moment  to  cancel  optimally  any 
disturbance  moment.  The  law  that  governs 
this  generation  of  a six-dimensional  vector 
based  upon  three-axis  information  is  called 
the  steering  law,  which  is  given  in  generalized 
form  by  equation  5,  where  M^XV  *he  com- 
manded moment  about  the  Txv  vector  based 
on  body-mounted  sensor  information  [Tg]  is 
the  steering  law;  6 j/j v.  > is  the  commanded 
gimbal  rate  of  the  i*^  pivot  of  the  jfh  CMG. 

Assuming  that  6i(j)c  ^ fii(j)  and  com- 
bining equations  4 and  S,  we  arrive  at  an  ex- 
pression that  relates  the  commanded  torques 
to  the  actual  vehicle  torques,  as  shown  in 
equation  6. 


To  control  the  CMG  cluster  optimally, 
we  require  the  matrix  {AJ[Tsl  to  be  an 
identity  [A][Tsl  = [I];  this  requires  the 
steering  law  matrix  to  be  the  inverse  of  the 
CMG  cluster  matrix  [A].  Since,  however,  [A] 
is  not  a square  matrix,  no  inverse  exists;  and 
any  attempt  to  get  an  inverse  results  in  a 
steering  law  that  exhibits  no  control  for  many 
CMG  gimbal-angle  combinations.  Thus,  this 
approach  at  formulating  a steering  law  fails, 
and  another  approach  must  be  sought. 

A close  inspection  of  equation  3 reveals 
that,  to  nullify  a disturbance  torque,  the  H- 
vector  of  each  CMG  must  be  made  to  swing 
into  the  direction  of  the  disturbance  torque. 
Based  upon  this  consideration,  a steering  law 
(the  cross-product  steering  law)  can  be  postu- 
lated by  equation  7. 


®VA(j)C*  “ ^SL^2A(j)  *“TV  (7) 

where  OVA0)C'  is  the  commanded  jth  CMG 
momentum  vector  rate  relative  to  vehicle 
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Space.  K§l  is  a constant;  ; 2A(j)  is  the  unit 
vector  along  the  spin  vector  of  the  jth  CMC; 
axY  is  a vector  based  on  vehicle-body  sensor 
information  and  thus  indicates  the  direction 
of  the  disturbance  moment. 

Carrying  out  the  necessary  equation 
development  1 1 ] yields  the  CMG-cluster 
steering  law  and  the  desired  relationship  be- 
tween the  commanded  gimbal  rates  and  the 
disturbance  moment  information. 


1(1)C' 

1(2)C' 

’“TVXV' 

1(3)C' 

= KsLtTsl 

“TVYV 

3(1)C' 

.“TVZV  . 

‘3(2)C' 

’3(3)Cl 

The  steering  law  previously  developed 
would  fall  far  short  of  the  goal  if  used  directly 
to  control  the  CMG  cluster;  i.e.,  to  have  an 
invariant  forward  gain  with  a minimization  of 
cross-coupling  torques. 

The  H-vector  control  law,  developed  in 
reference  2,  is  a closed-loop  controller  which, 
when  used  with  the  cross-product  steering 
law,  provides  an  almost  optimal  CMG-cluster 
control  law. 

The  H-vector  control  law  scales  theft.jv 
vector  to  be  a commanded  torque.  The  com- 
manded torque  vector  is  then  electronically 
integrated  and  compared  to  the  angular 
momentum  of  the  CMG  cluster.  The  error 
momentum  vector  is  then  nulled  by  driving 
the  six  CMG  gimbals  with  the  aid  of  the 
steering  law.  A simplified  diagram  of  the  H- 
vector  control  law  is  shown  in  figure  6. 

Because  of  the  nonuni<iueness  of  the 
H-vector  control  law  and  its  associated  cross- 
product  steering  law,  the  requisite  CMG 
gimbal  angles  to  produce  a given  total 
momentum  vector  are  not  uniquely  defined. 


If  the  required  total  momentum  vector  is  IH, 
then  the  CMG  cluster  can  attain  an  undesir- 
able orientation  in  which  all  three  CMG  spin 
vectors  are  colinear.  This  orientation  has  been 
called  the  antiparallel  case.  The  CMG  cluster, 
when  in  the  antiparallel  orientation,  exhibits 
zero  gain  along  the  axis  of  colinearity.  Thus, 
if  a disturbance  torque  were  applied  along  this 
axis,  the  CMG’s  would  not  be  able  to  com- 
pensate for  it  even  though  they  are  not  satu- 
rated.  This  problem  prompted  an 
investigation  that  resulted  in  the  development 
of  the  isogonal  distribution  and  rotation  laws. 
References  treats  this  subject  in  detail; 
however,  a brief  description  of  these  laws  is 
presented  in  this  paper. 

For  any  given  total  angular  momentum 
vector,  it  is  desirable  to  place  the  three 
individual  spin  vectors  into  an  orientation  in 
which  each  contributes  an  equal  component 
along  the  total  vector.  This  constraint  results 
in  equal  an^es  between  the  individual  vectors 
and  the  total  vector.  This  distribution  is  called 
an  isogonal  distribution  and  utilizes  two  of 
the  remaining  three  degrees-of-freedom  of  the 
CMG  cluster.  (The  H-vector  control  law 
utilizes  three  degrees-of-freedom.)  It  can  be 
shown  that  the  remaining  degree-of-freedom 
is  only  a rotation  of  the  three  individual 
momentum  vectors  about  the  total  vector. 
This  last  degree-of-freedom  is  used  to  mini- 
mize the  inner  gimbal  anises  of  the  CMG’s. 

The  isogonal  distribution  and  rotation 
laws  generate  six  commanded  bias  rates  for 
the  six  CMG  gimbals.  These  bias  rates  are 
added  to  the  commanded  rates,  as  derived 
from  the  cross-product  steering  law. 
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Essentially,  the  bias  rates  can  be  con- 
sidered as  the  sum  of  the  two  rates:  one  from 
the  distribution  law,6i)i(j)  and  the  other  from 
the  rotation  law,0Ri(j), 

i — i 

*i(j)BC  “ ®DiO)  %0)  (9) 


In  addition  to  eliminating  the  possibility 
of  “falling  into”  the  antiparallel  case,  the 
isogonal  distribution  and  rotation  law  has  also 
improved  the  performance  of  the  CMC  cluster 
by  extending  the  bandwidth  of  the  direct  gain 
and  by  reducing  the  cross-coupling  torques. 
This  improvement  is  evident  in  figures  7 and 
8,  which  show  the  direct  and  crossK;oupling 
frequency  response  of  the  CMG  cluster  with 
and  without  the  distribution  and  rotation 
laws  (for  the  same  total  momentum). 

Figure  9 shows  an  antiparallel 
configuration  and  a possible  orientation  with 
the  aid  of  the  distribution  and  rotation  laws. 

The  developed  CMG  control  system,  in- 
cluding its  numerous  nonlinearities,  was 
simulated  on  a large  hybrid  computer.  The 


Figure  7.  H-vector  control  law  response,  Mrx/Mcx. 


Figure  8.  H'vector  controi  law  re^tonse,  Mrx/Mez, 


(a)  AntiparaM  condition  (b)  With  distribution 


and.  rotation  laws 
Figure  9.  H-vector  configuration. 

system  operated  in  a satisfactory  manner  for 
small  initial  conditions  (0. 1 to  O.S  degree)  and 
slowly  varying  external  torques  (gravity 
gradient,  etc.).  If,  however,  the  initial  CMG 
orientation  was  highly  nonisogonal  or  if  two- 
CMG  operation  was  considered,  it  was  found 
that  oscillatory  and,  in  some  cases,  unstable 
operation  resulted. 

This  was  remedied  by  adding  a variable- 
gain-feedback  term  from  ^e  “H”  error  signal 
to  the  input  of  the  H integrator.  A simplified 
diagram  of  the  system,  as  now  designed,  is 
shown  in  figure  10. 

To  desaturate  the  CMG  cluster  periodi- 
cally and  without  the  use  of  a mass-expulsion 
reaction  control  system,  a method  was  de- 
veloped utilizing  the  earth’s  gravity-gradient 
force  field  to  effect  CMG  momentum  de- 
saturation. This  method  is  described  in  detail 
in  referenced  The  basic  concept  is  best 
described  with  the  aid  of  figure  11,  which 
depicts  the  per  orbit  momentum  build-up  of 
the  CMG  cluster  caused  by  gravity  gracfient 
and  aerodynamic  torques.  A careful  in- 
spection of  this  figure  reveals  that,  if  periodic 
CMG  desaturation  were  not  provided,  the 
CMG  cluster  would  be  saturated  for  progres- 
sively larger  portions  of  an  orbit  after  the  first 
orbit  The  axis  of  saturation  would  be  roughly 
the  X-axis  of  the  vehicle.  This  means  that, 
after  complete  saturation,  the  CMG  cluster 
could  not  compensate  for  a disturbance 
torque  about  the  axis  of  saturation. 

An  investigation  of  the  causes  of  the 
predominant  noncydic  torques  (i.e.,  gravity 
gradient  and  aerodynamic)  reveals  that,  with 
the  given  vehicle  configuration  and  mission 
requirements  (i.e.,  point  vehicle  Z-axis  at 
ra^ometric  center  of  sun  every  daylight 
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Figure  11.  Combined  disturbance  impulse  (solar  inclination  = -30  degrees). 


period),  it  is  not  possible  to  eliminate  the 
noncyclic  torques  but  it  is  possible  to  mini- 
mize them. 

This  problem  of  CMG  momentum  man- 
agement was  attacked  in  two  separate  ways: 

1.  The  noncyclic  disturbance  torques 
were  minimized  by  flnding  an  optimal  vehicle 
orientation  while  still  meeting  the  require- 
ment that  the  vehicle  Z-axis  point  to  the 
center  of  the  solar  disk.  This  was  accont- 
plished  by  sampling  the  vehicle  momentum  at 
a specified  time  during  the  daylight  orbital 
period  and  comparing  it  with  the  sample  from 
the  previous  day.  The  compared  sample  indi- 
cated whether  the  bias  momentum  com- 
ponents about  the  various  vehicle  axes  were 
increasing  or  decreasing.  This  information  was 
then  translated  into  appropriate  angle 
position  commands  about  the  vehicle  Z-axis 
to  ensure  minimization  of  bias  momentum 
accumulation. 

2.  The  saturation  effects  of  the  re- 
maining noncyclic  disturbance  torques  were 
nullified  by  periodically  producing  controlled 
bias  torques  that  would  tend  to  desaturate  the 


CMG  cluster.  These  controlled  bias  torques 
are  produced  by  employing  rectified  com- 
ponents of  the  gravity-gradient  torques  en- 
countered during  the  night  portion  of  the 
orbit  to  desaturate  the  CMG  cluster.  The 
rectification  of  the  gravity-gradient  torques  is 
made  possible  by  maneuvering  the  vehicle 
about  two  axes  during  the  night  side  of  the 
orbit.  The  magnitude  of  the  maneuver  angles 
is  a function  of  the  momentum  accumulation 
during  the  daylight  portion  of  the  orbit. 

Experiment  Pointing  and  Control  Subsystem 

The  experiment  pointing  and  contrd 
(EPC)  subsystem  utilizes  flex-pivot  gimbal 
bearings  for  control  about  two  axes  and  an 
open-loop  positioning  device  to  meet  posi- 
tioning requirements  about  the  third  axis.  The 
flex  pivots  allow  approximately  ±2  degrees  of 
rotation  of  the  X and  Y axes  while  the  roll 
positioning  device  allows  for  a rotation  of 
±120  degrees  about  the  experiment-package 
Zraxis.  A block  diagram  of  this  system  is 
shown  in  figure  1 2. 
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SAME  AS  ABOVE 


Figure  12.  Experiment  pointing  and  contr<d  (EPC)  subsystem. 


While  the  EPC  subsystem  provides  auto- 
matic control  of  the  experiment-package  X 
and  Y axes,  manual  positioning  of  these  two 
axes  is  provided  for  the  purpose  of  offset 
pointing.  Fine  sun  sensors  (FSS)  are  used  foi 
sensing  spar  attitude  errors,  with  rate  gyros 
sensing  rates.  The  ATM  control  computer 
(ATMCC)  conditions  the  signals  of  the  sensors 
to  provide  rate-plus-displacement  command 
signals  to  the  flex-pivot  actuators  (DC  torque 
motors). 

The  experiment  package  can  be  offset- 
pointed  in  the  X and  Y axes  over  a range  of 
±20  arc  minutes,  with  the  center  of  the  solar 
disk  being  the  zero  position.  The  solar  disk 
measures  approximately  32  arc  minutes  from 
limb  to  limb.  Offset-pointing  is  accomplished 
by  positioning  an  optical  wedge  located  in 
each  of  the  fine  sun  sensors.  The  wedge  is 
mounted  in  the  path  of  the  sunlight  passing 
through  the  FSS  optics  and  can  be  rotated  to 
refract  the  sunlight  at  a fixed  angle  in  a con- 
trolled direction.  The  wedges  are  positioned 
by  a drive  mechanism  controlled  by  the  astro- 
naut via  the  manual  pointing  controller.  The 
wedge  drive  varies  from  ±135  arc  seconds  per 
second  near  zero  offset  positions  to  76  arc 
seconds  per  second  for  wedge  positions  near 
the  20'arc-second  sun  offset  position.  A 
wedge  offset  produces  an  FSS  output  error 


voltage  that  causes  the  spar  to  rotate  about 
the  appropriate  axis  (X  or  Y)  and  to  point  the 
FSS,  and  thereby  the  experiment  package,  in 
a direction  that  will  drive  the  FSS  output 
voltage  to  null.  Stability  is  then  automatically 
maintained  by  the  EFC  subsystem.  The  ex- 
periments are  aligned  to  the  FSS.  The 
position  of  each  FSS  wedge  is  displayed  on 
the  PCS  control  and  display  panel  and  cor- 
responds to  the  experiment-package  offset 
position  from  the  center  of  the  sun  in  the  X- 
or  Y-axis.  The  panel  also  contains  television 
displays  of  the  sun,  as  viewed  through  experi- 
ment telescopes,  and  experiment  readout  dis- 
plays to  assist  the  astronaut  in  pointing  the 
experiment  package. 

The  roll-positioning  mechanism  (RPM)  is 
used  to  rotate  the  spar  about  the  Z-axis.  The 
mechanism  is  commanded  by  the  astronaut 
via  the  manual  pointing  controller  (rate 
switches)  located  on  the  control  and  display 
panel.  Spar  roll  rates  of  ±7,  ±3.5,  ±0.7,  and 
±0.35  degrees  per  second  can  be  commanded. 
Once  the  spar  is  positioned,  the  roll- 
positioning mechanism  will  hold  the  location 
until  a topositioning  command  is  received. 
The  astronaut  repositions  the  spar  in  accor- 
dance with  experiment  demand  requirements. 
The  spar  roll  position  is  displayed  on  the 
control  and  display  pand. 
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ATM  Pointing  Capability 

The  ATM  pointing  and  stability  require- 
ments listed  in  table  2 were  developed  as  a 
result  of  the  pointing  and  stability  require- 
ments of  the  various  individual  ATM  experi- 
ments. The  ability  of  the  ATM  pointing  and 
control  system  to  meet  these  requirements 
was  established  analytically  by  performing  a 
detailed  error  analysis  of  the  system.  This 
analysis  is  being  continually  updated  as 
additional  input  data  become  available.  A 
Monte  Carlo  procedure  w'as  employed  for  the 
determination  of  system  position-and-rate 
output  errors  for  various  model  conflgura- 
tioiis  of  both  the  CMC  control  system  and  the 
EPC  subsystem  (ref.  5).  System  dynamics 
were  evaluated  on  hybrid  computer  simula- 
tions of  the  system  (ref.  6).  The  results  of 
these  studies  are  summarized  in  tables  4 and 
5.  The  numbers  not  in  parentheses  are  system 
requirements;  those  within  the  parentheses 
represent  the  presently  estimated  2o  system 
capability. 

The  main  errors  associated  with  the 
pitch  and  yaw  control  of  th:  EPC  subsystem 
were  those  caused  by  FSS  null  accuracy  (±1.4 
arc  seconds)  and  FSS  wedge  readout  resolu- 
tion (±1.2S  arc  seconds).  The  effect  of  man- 
motion  disturbances  was  nearly  negligible,  the 
most  significant  being  the  ±0. 2-arc-second 
position  displacement  as  a result  of  astro- 
naut’s wall-pushoff  disturbance  (fig.  13).  The 
main  error  source  in  experiment  roll  reference 
determination  is  due  to  the  roll-positioning- 

Tabk  4.  Pointing  CapabOity  2o  of  EPC  Subsystem 

Pointing  Stability 
Syste.nAxit  Uncertainty  (For  IS  min) 

EPC  X ±2.5  arc  tec  ±2.S  arc  tec 

(1 .77  arc  tec)  (0.63  arc  tec) 

EPC  Y ±2.5  arc  tec  ±2.5  arc  tec 

(1 .77  arc  tec  (0.63  arc  tec) 


EPCZ  " 
Roll  reference 


±10  arc  min 
(±7.0  arc  min) 


CMC  control 
system 
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Table  5.  Pointing  Capability  2o  of  CMC  Control 
System 


System 

Axis 

Pointing 

Uncertainty 

Stability 
(For  15  min) 

CMGX 

±4  arc  min 

±9  arc  min 

(±2.75  arc  min) 

(±3.6  arc  min) 

CMGY 

±4  arc  min 

±9  arc  min 

(±2.75  arc  min) 

(±5.7  arc  min) 

CMGZ 

±10  arc  min 

±7.5  arc  min 

(±0.624  arc  min) 

(±5.0  arc  min) 

mechanism  readout  and  positioning  errors, 
which  are  on  the  order  of  ±5  M (2o). 

The  error  sources  associated  with  the 
pointing  uncertainty  of  the  CMG  control 
system  are  due  mainly  to  an  accumulaticr.  of 
various  electronic  gain -null  offset  and  drift 
terms.  The  stability  error  source  is  the  result 
of  the  astronaut’s  wall-pt«shoff  disturbances. 

Conclusions 


Based  upon  high-accuracy  pointing  re- 
quirements, an  ATM  pointing  and  control 
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system  (PCS)  has  been  developed  to  meet  ex- 
periment objectives.  A significant  portion  of 
the  PCS  is  capable  of  manual  operation. 
Astronaut  operation  is  thus  available  to  per- 
form various  functions,  such  as  those  which 
require  judgment  to  select  scientific  targets 
and  to  point  experiments  to  these  targets. 
Many  functions,  such  as  attitude  pointing 
stability,  are  performed  by  closed-loop  auto- 
matic control  in  order  to  keep  the  number  of 
tasks  required  of  the  astronaut  within  reason; 
however,  the  manual  control  capability  and 
tdevision-optics  display  system  make  it  pos- 
sible for  the  astronaut  to  improve  some  of 
these  functions,  such  as  offset  pointing  and 
experiment  line-of-siglit  calibration. 

The  system  is  unique  in  that  it  utilizes 
the  energy  source  of  its  operating  environ- 
ment to  effect  the  desired  pointing  and 
control  requirements  of  the  space  station.  The 
electrical  energy  required  to  power  both  the 
experiments  and  the  pointing -and -control 
system  is  supplied  through  onboard  storage 
devices  via  large  solar  panels.  The  principal 
disturbance  torques  are  cyclic,  and  the 
momentum  storage-and-dissipation  character- 
istics of  the  CMG’s  are  ideally  suited  to 
operation  in  this  type  of  environment.  The 
accumulation  of  momentum  by  noncyclic 
torques  is  compensated  for  by  maneuvering 
the  space  station,  during  the  night  portion  of 
the  orbit,  against  the  gravity-gradient  field  in 
such  a manner  as  to  nullify  the  noncyclic 
bias-torque  effect. 

The  pointing  and  control  systems  de- 
veloped meet  the  experiment  pointing  re- 
quirements. The  same  type  of  system  with 
improved  electronics,  improved  sensors,  and 


some  minor  limitations  on  astronaut  motion 
during  observation  periods  might  achieve 
pointing  accuracies  on  the  order  of  0.1  to 

0.01  arc  second  (ref.  7). 
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Stabilization  and  Control  for  the 
OAO  Spacecraft  Series 


K.  W.  Jenkins 
General  Electric  Company 


Requirements 

The  Orbiting  Astronomical  Observatory 
(OAO)  Spacecraft  is  designed  to  provide  a 
stable  platform  for  optical  telescopes  up  to 
40  inches  in  diameter  and  10  feet  long  and 
capable  of  pointing  accuracies  down  to 
0. 1 arc  second.  General  Electric  developed  the 
stabilization  and  control  (S&C)  subsystem  for 
the  observatory. 

The  OAO  S&C  subsystem  has  some  of 
the  most  stringent  performance  requirements 
of  any  satellite.  The  telescope  is  rigidly 
mounted  to  the  vehicle  inside  a central  well; 
therefore,  pointing  of  the  telescope  requires 
that  the  entire  vehicle  be  pointed.  Because  the 
astronomer  may  desire  to  look  anywhere  in 
the  sky,  the  spacecraft  is  required  to  orient  to 
any  point  in  the  celestial  sphere.  Fine 
guidance  is  derived  from  the  main  telescope 
itself.  Fine-pointing  accuracies  down  to 
0.1  arc  second  are  required. 

Because  of  these  high  accuracies,  the 
main  telescope  field-of-view  is  restricted; 
hence,  the  S&C  subsystem  must  poitit  the 
vehicle  anywhere  in  the  sky  to  1.0  arc  minute. 
The  subsystem  must  also  be  capable  of  hold- 
ing this  orientation  to  within  ilS  arc  seconds 
for  SO  minutes  of  time.  When  pdnting  at  a 
defined  star,  the  OAO  must  be  capable  of 
holding  that  star  to  0. 1 arc  second  for  up  to 
1^  orbits.  Finally,  OAO  is  required  to  be 
capable  of  reorienting  from  one  star  to  an- 
other. It  must  be  capable  of  a 2-degree  slew  in 
30  seconds  and/or  a 30- degree  slew  in  3 
minutes.  Total  angles  slewed  on  all  axes  shall 
be  up  to  3000  per  day. 

This  performance  was  to  be  achieved  for 
a vehicle  that  ultimately  weighed  4400 


pounds  and  had  an  inertia  of  1 500  slug  feet 
squared.  Useful  lifetime  in  orbit  was  to  be  one 
year. 

Design 

The  primary  position  reference  chosen 
for  OAO  was  a system  of  gimballed  star 
trackers.  Six  of  these  trackers  are  placed 
around  the  vehicle.  Each  tracker  has  a field- 
of-view  of  t4S  degrees  about  two  axes  so  that 
the  set  of  six  provides  complete  spherical 
coverage. 

The  high  accuracy  pointing  is  achieved 
by  using  sensors  with  narrow  flelds-of-view; 
therefore,  acquisition  modes  are  required.  At 
separation,  the  vehicle  orientation  is  random. 
A set  of  coarse  sun  sensors  is  used  to  orient 
the  vehicle  so  that  the  negative  roll  axis  points 
to  the  sun.  This  maneuver  is  accomplished  by 
using  cold  gas  jets.  After  stabilizing  on  the 
sun,  control  Is  switched  to  a set  of  fine  nin 
sensors,  and  the  tine  reaction  wheels  are  ac- 
tivated to  i^vide  pointing  to  the  sun  to  0.2S 
degree.  Selected  star  trackers  are  turned  on 
and  commanded  to  preset  positions.  The 
vehicle  is  then  rolled  about  the  sunline  until 
stars  simultaneously  appear  in  the  trackers. 
When  this  occurs,  the  trackers  are  put  into 
t*ack  mode;  the  search  is  stopped;  and  the 
tracker  gim^  errors  are  used  to  control  the 
fine  wheels. 

The  sta^tracker  mode,  illustrated  in 
figure  1,  is  the  basic  coarse-pointing  mode.  In 
order  to  minimize  the  disturbance  torques 
during  pointing,  the  vehicle  is  made  inertially 
spherical  through  the  addition  of  balance 
boomt.  These  can  be  seen  in  the  general 
spacecraft  view  shown  in  figure  2.  The  same 


449 


450 


OPTICAL  TELESCOPE  TECHNOLOGY 


F^re  1.  OAO  star  acqidsitioh;  star-tracker  or  basic 
coarse-pointing  mode. 

basic  fine  wheel  loop  is  used  for  fine  pointing 
except  that  the  ptch  and  yaw  error  signals  are 
derived  from  the  main  telescope  to  provide 
control  to  arc-second  accuracies. 


Fitfot  Z OAOigtaeeerqfi  with  balanee  booms  shown. 


Buildup  of  reaction  whee.  .;peed  due  lo 
solar  pressure  is  counteracted  in  two  ways. 
First,  low^thrust  gas  jets  are  fired  to  reduce 
system  momentum  if  the  wheels  reach  70  per- 
cent no-load  speed.  Iliese  jets  are  sized  so 
that  they  do  not  exceed  the  wheel  torque.  As 
a result,  wheel  unloading  does  not  disturb  the 
vehicle.  Second,  a magnetic  unloading  system 
(MUS)  consisting  of  magnetometers  and 
torquing  bars  is  provided.  T’  ? MUS  torques 
against  the  earth’s  magnetic  field  in  such  a 
manner  as  to  hold  the  wheel  speed  low. 

For  reori-'ntation  of  the  spacecraft,  a 
second  set  of  reaction  wheels  is  provided. 
These  wheels  can  be  programmed  to  rotate  a 
fixed  number  of  revolutions,  thereby  moving 
the  vehicle  a known  amount. 

Figure  3 is  a block  diagram  of  the  S&C 
subsystem.  The  logic  to  control  mode 
switches,  etc., is  contained  in  the  programmer 
and  star-tracker  signal  controller  (PSSCi 
Stored  commands  are  issued  by  the  vcit'Je 
pre^mmer,  the  PPDS  (primary  proce  sor 
and  data  storage). 

Development 

In  addition  to  the  usual  development 
process  for  electronic  comp</nents,  tht»  OAO 
subsystem  liad  two  unique  development  areas, 
the  ''tar  tracker  and  the  air-bearing  table 
(AB'l  ) test  facility 

The  origuol  Sia^tracker  design  was  a 
pressurized  dome  derign,  shown  in  figure  4. 
One  of  the  requirements  placed  upon  the 
tracker  is  that  it  hs  capable  of  seeing  a '*’2M 
star  within  32  degrees  of  the  sunline.  To  meet 
this  requirement,  it  was  necessary  to  remove 
the  dome  and  to  provide  a light  baffle  con- 
.sisting  of  a “minar:t“;  figures  shows  how 
this  was  done.  Figure  6 shows  the  redesigned 
tracker,  llte  tracker  opto-mechanical  package 
is  supplied  by  Kollsman  Instrument  Corp. 

It  was  also  necessary  to  test  the  ability 
of  the  tracker  to  see  the  star  32  degrees  from 
the  sun.  A special  solar  impingement  facility 
was  developed  to  perform  this  test.  The  test  is 
conducted  inside  a 30-foot-diameter  thermai- 
vacuum  chamber.  The  equipment  arrange- 
ment in  the  chamber  is  shown  in  figure  7.  The 
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Figure  3.  Functional  block  diagram  of  stabilization  and  control  (S&CI  subsystem. 


Figure  4.  First  delivered  star  tracks,  pressurized 
dome  design. 


carbon  arc  and  optics  barrel  provide  illumina- 
tion of  approximately  one  solar  constant  over 
a 9-inch-diameter  circle.  The  traveling  mirror 
is  translated  and  rotated  to  vary  the  angle  be- 
tween the  optical  axis  and  the  sun  over  a 
range  of  60  degrees  to  25  degrees.  The  tracker 
stand  provides  360-degree  rotation  about  the 
optical  axis.  A 4-inchrdiameter  star  simulator 
is  used  for  alignment  and  tracking.  The  star 
magnitude  can  be  adjusted  over  the  range  of 
“l.OMto  +3.0M.  The  star  simulator  is  located 
behind  an  opening  in  a glass  wall  set  at  an 
angle  to  the  optical  axis  so  that  light  reflected 
from  the  tracker  is  both  absorbed  and  re- 
flected into  a light  trap  lined  with  flocking 
material.  All  chamber  walls  are  covered  with 


I 

! 


452 


OPTICAL  TELESCOPE  TECHNOLOGY 


JOLAR  IMPINGEMENT 

test  facility  layout 


Figure  7.  Test  facility  layout  for  solar  impingement. 


Figure  5.  Star  tracker  • solar  impingement. 


Figure  6.  Redesigned  star  tracker. 

flocking  material.  A movable  shield,  also 
covered  with  flocking  material,  can  be  rotated 
in  front  of  the  star  to  provide  a black  target 
for  the  tracker. 


The  air-bearing-table  facility  was  used  to 
demonstrate  the  quantitative  performance  of 
the  complete  subsystem.  This  facility  simu- 
lates the  dynamic  characteristics  of  the  OAO 
spacecraft  on  a one-to-one  basis.  For  the 
purpose  of  structural  rigidity,  the  platform  is 
ruggedly  constructed,  wei^ng  8500  pounds, 
with  inertias  of  1450  slug  feet  squared.  This 
compares  with  3600  pounds  for  the  space- 
craft with  the  same  inertias.  The  roll  axis  (the 
optical  axis  of  the  main  experiment)  of  the 
air-bearing  table  is  vertical,  and  pitch  and  yaw 
axes  are  horizontal.  The  design  allows  ^30  de- 
grees of  freedom  of  movement  about  the 
pitch  and  yaw  axes  and  unlimited  freedom 
about  the  roll  axis.  The  platform  uses  a 
10-inch,  stainless-steel  bearing  with  a multi- 
oriflee,  floating  seat  design. 

A solar  simulator  (carbon  arc  source  and 
optical  system)  installed  outside  the  test  cell 
projects  a 4-foot-diameter  beam  horizontally 
through  a port  in  the  wall  of  the  cell  onto  the 
aii^bearing  platform.  The  beam  has  an  in- 
tensity of  20  percent  of  a zero  air  mass  sun  at 
the  platform  surface. 
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The  angular  position  and  rate  of  the  air- 
bearing  table  are  determined  from  a system 
that  is  mounted  external  to  the  table  itself.  In 
order  to  cover  an  angular  range  equivalent  to 
the  freedom  of  travel  of  the  air-bearing  table 
and  to  meet  the  OAO  accuracy  requirements, 
coarse  and  flne  measuring  systems  are  used. 
The  coarse  position  and  rate  system  operates 
over  the  complete  angular  freedom  of  travel 
of  the  air-bearing  platform  (^30  degrees  in 
pitch  and  yaw  and  360  degrees  in  roll).  This 
electromechanical  servosystem  uses  an  optical 
sensing  head  to  track  illuminated  targets. 
Transducers  are  coupled  to  the  mechanical 
drive  to  measure  the  equivalent  angular 
position  of  the  platform  to  an  accuracy  of  3 
arc  minutes.  Rate  information  is  obtained 
from  a tachometer  linked  to  the  mechanical 
drive  and  summed  with  the  derivative  of  the 
error  signal  from  the  optical  sensing  head.  Its 
accuracy  is  0.01  degree  per  second.  The  fine- 
position  measuring  system  consists  of  three 
single-axis,  automatic  recording  autocolli- 
mators; each  has  a linear  field-of-view  of  ±7.5 
arc  minutes,  thereby  allowing  sufficient  over- 
lap with  the  coarse  system.  This  system  pro- 
duces records  to  better  than  ±1  arc  second. 

With  this  facility,  operation  of  all  modes 
was  verified.  Fine  pointing  was  demonstrated 
down  to  1 arc  second.  Table  unbalance  torques 
were  controlled  to  less  than  0. 1 inch-ounce. 

OAO  Design  Evolution 

As  the  development  effort  progressed,  it 
became  apparent  that  an  inertial  reference 
system  could  provide  an  attitude  hold  mode 
in  the  event  of  temporary  loss  of  stars.  The 
inertial  reference  is  unaffected  by  stray  light 
and  earth  occultation.  An  additional  require- 
ment was  identified:  to  provide  a backup 
mode  for  optimum  solar  power  collection.  To 
implement  these  requirements,  a RAPS  (rate 
and  position  sensor)  gyro  package  was  added 
The  RAPS  system  is  a set  of  three  integrating 
rate  gyros,  which  can  be  operated  in  either 
position  or  rate  mode.  In  position  mode,  they 
hold  spacecraft  drift  to  less  than  ±0.3  degree 
in  one  hour.  In  rate  mode,  RAPS  is  used  in 
coruunction  with  sun  sensors  to  perform  the 
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sunbathing  function.  The  RAPS  system  was 
flown  on  the  second  spacecraft. 

For  the  third  OAO  vehicle,  the  RAPS 
package  was  replaced  by  a more  sophisticated 
inertial  reference  unit  (IRU)  built  by  the 
Massachusetts  Institute  of  Technology.  The 
IRU  is  a pulse  rebalanced  system  with  in-orbit 
drift  calibration.  Using  the  in-orbit  calibra- 
tion, the  drift  is  projected  to  be  better  than 
0.001  degree  ir.  one  hour.  The  IRU  will  allow 
OAO  to  operate  for  several  orbits  without 
using  any  gimballed  star  trackers.  In  fact, 
once  the  IRU  drift  has  been  calibrated  out,  it 
is  possible  to  operate  with  only  roll  tracker 
fixes  because  the  main  telescope  itself  pro- 
vides the  pitch-yaw  fix.  In  addition,  the  IRU 
has  a slew  capability  that  allows  the  vehicle  to 
be  reoriented  accurately  from  one  star  to  an- 
other without  the  use  cf  trackers. 

Thus,  the  evolution  of  OAO  is  toward  an 
inertial  primary  reference  with  star-tracker 
updating  used  occasionally. 

Operations 

OAO  is  limited  to  about  ten  mihutes 
under  line-of-sight  control  of  any  one  {iround 
station.  Total  contact  time  per  orbit  is  about 
15  percent.  As  a result,  OAO  has  two  modes 
of  operation:  real-time  mode  and  delay  mode. 
During  the  station  contact,  the  spacecraft  and 
experiment  data  is  dumped  to  the  station,  and 
the  conunands  necessary  for  operation  of  the 
spacecraft  until  the  next  contact  are  loaded 
into  the  spacecraft  memory. 

The  complexity  of  the  OAO  requires  a 
large  number  of  commands.  Commands  are 
needed  to  position  the  various  star  trackers  as 
different  guide  stars  are  occulted  by  the  earth. 
Commands  are  used  to  enable  reorientation  of 
the  spacecrali  and  to  control  the  mode  se- 
quences from  slew  to  coarse  pointing  to  fine 
pointing.  The  determination  of  command  se- 
quences is  performed  in  the  Mission  Control 
Center  at  the  Goddard  Space  Flight  Center 
(GSFC).  For  example,  the  tracker  occultation 
schedule  is  calculated  at  GSFC  by  using  the 
computers  located  at  the  Center,  and  the  final 
sequence  of  commands  and  execution  times  is 
then  transmitted  to  one  of  the  ground 
stations  for  transmission  to  OAO. 
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Similarly,  all  telemetry  is  sent  back  to  The  computer  will  be  memory-oriented  and 


GSFC,  where  the  data  are  examined  and  any 
necessary  corrective  action  is  taken. 

The  ground  station  is  a necessary  part  of 
OAO.  The  observatory  cannot  operate  for  any 
length  of  time  without  the  computational 
facilities  of  the  ground  station.  OAO  is  liter- 
ally “flown  from  the  ground.” 

Design  Evolution 

The  development  of  the  OAO  S&C  sub- 
system provides  several  guidelines  for  the 
future  design  of  orbiting  telescopes. 

1.  The  primary  position  reference  will  be 
inertial  with  a star  tracker  used  for  re-zeroing 
and  drift  correction.  The  inertial  (gyro) 
system  is  unaffected  by  occultation  effects 
and  the  stray  light  problems  that  affect 
trackers.  Use  of  a high-accuracy  inertial  refer- 
ence allows  use  of  a fixed  star  tracker  with  a 
small  field-of-view  (say  10  degrees  by  10 
degrees).  Furthermore,  the  telescope  itself 
provides  two  axes  of  information.  Several 
trackers  of  suitable  quality  are  now  available. 
Because  of  the  need  for  arc-second  accuracy, 
the  gyro  system  will  be  a strapped-down  type 
rather  than  a platform. 

2.  An  onboard  digital  computer  win  be 
used  to  control  the  logical  operation  of  the 
spacecraft  and  as  part  of  the  attitude  control 
loops  The  present  OAO  has  the  equivalent  in 
hard-wired  logic  of  a small  digital  computer. 
The  computer  wiU  be  used  to  reduce  the 
dependency  of  the  vehicle  on  the  ground 
station,  to  process  the  inertial-unit  and  sta^ 
tracker  ou^uts  intp  a position  reference,  to 
perform  the  initial  stabilization,  and  to  con- 
trol the  mode  sequence.  In  addition,  the 
computer  can  provide  telemetry  formatting 
and  preliminary  experimenter  data  reduction. 
Figure  8 shows  a block  diagram  of  such  a 
system.  (Compare  this  diagram  to  figures.) 
The  conqputer  characteristics  will  be  approxi- 
mately: 

Weight  40  pounds 

Size  0.5  cubic  foot 

Power  30  watts 

MTBF*  5 years 

*Mean  Time  Between  Failures. 


modular  with  interrupt  capability.  The  high 
reliability  will  be  achieved  by  using  high  relia- 
bility parts,  100-percent  screening  and  bum 
in,  LSI,  and  modular  redundancy  at  the  pro- 
cessor and  memory  level. 

3.  As  the  size  increases,  the  actuators 
will  change  from  AC  to  DC  wheels  and  then 
to  control  moment  gyros  (CMG’s).  An  isola- 
tion system  will  be  needed  with  CMG’s.  As 
telescope  size  increases,  the  telescope  inertias 
increasingly  dominate  the  vehicle;  therefore, 
the  vehicle  will  have  a much  smaller  roll  than 
pitch  or  yaw  inertia.  Provision  of  balance 
booms  to  achieve  spherical  inertias  will 
become  prohibitive.  For  an  80-inch-diameter 
telescope,  tip  weights  of  300  pounds  on  the 
end  of  20-foot  booms  are  estimated.  These 
would  correct  the  8000-slug-foot-squared 
inertia  unbalance  providing  a spherical  inertia 
of  approximately  20,000  slug  feet  squared. 
For  an  80-inch  telescope,  DC  wheels  are  the 
probable  choice.  Figure  9 shows  some  torque- 
power  curves  illustrating  the  advantage  of  DC 
wheels  at  the  higher  torque  levels.  Figure  10 
shows  the  relationship  of  weight  versus 
momentum  for  reaction  wheel  systems. 

For  a 120-inch-diameter  telescope,  con- 
trol moment  gyros  are  mandatory  because  the 
inertias  are  on  the  order  of  130,000  slug  feet 
squared  in  pitch  yaw  and  22,000  slug  feet 
squared  in  roll.  The  vehicle  will  require  a 
momentum  storage  of  1 50  to  200  foot-pounds 
per  second,  clearly  outside  the  capability  of 
wheels.  Figures  11  and  12  give  corresponding 
curves  for  CMG  weight  and  power,  respec- 
tively. Use  of  CMG’s  will  also  require 
some  type  of  suspension  system  because  the 
CMG  gimbal  striction  prevents  it  from  point- 
ing to  0.01  arc  second. 

4.  Less  systems  testing  will  be  done  on 
the  ground.  As  the  telescope  size  increases,  so 
do  the  pointing  requirements,  .\ir-bearing 
tables  are  effectively  limited  to  about  I. Care 
second.  Further  OAO  experience  has  vali- 
dated the  basic  capability  of  the  reaction 
wheel  system.  Present  OAO  system  testing  is 
limited  to  electrical  testing  of  the  S&C  sub- 
system with  suitable  stimulus  applied  artifi- 
cially to  the  trackers  and  gyros.  This  testing  is 
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Figure  8.  Functional  block  dBagnm  of  proposed  onboard  digital  computer  for  future  orbiting  telescopes. 


meant  to  verify  the  compatibility  of  the 
system. 

An  exception  to  this  trend  will  be  the 
need  to  test  suspension  systems  for  very  large 
telescopes.  For  example,  the  magnetic  sus- 
pension system  appears  attractive;  however, 
its  isolation  capability  is  dependent  upon  the 
uniformity  of  the  field  viritMn  the  pusher.  De- 
tailed tests  of  this  phenomenon  are  required 
prior  to  adoption  of  this  design. 

Summary 

The  present  OAO  design  has  been  vali- 
dated by  extensive  ground  testing  and  the 
successful  flight  of  A-2.  The  design  is  evolving 
from  a stellar  primary  reference  to  an  inertial 
primary  reference.  In  addition,  the  use  of  on- 
board computers  in  spacecraft  control  will 
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Figure  9.  RekthnsMp  of  power  to  wheel  torque  far 
DC  wheels. 


456 


OPTICAL  TELESCOPE  TECHNOLOGY 


grow.  The  key  technology  for  future  vehicles 
will  be  the  isolation  systems  needed  to 
operate  very  large  telescopes  because  the  re- 
quired CMG  actuators  are  incapable  of  the 
fine  pointing  required.  These  systems  will  be 
needed  at  120-inch-diameter  telescopes.  For 
an  80-inch-diameter  telescope,  it  will  still  be 
possible  to  use  reaction  wheels  powered  by 
DC  motors. 


H MOMENTUM  (FT-LB  / SEC) 


Figure  10.  Rdationship  of  weight  to  momentum  for 
reaction  wfud  systems. 


H - MOMENTUM  (FT-LB/  SEC) 


Figure  11.  Rdationship  of  weight  to  momentum  for 
CMG. 


Figure  12.  Relationship  of  CMG  power  to  momen- 
tum. 
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Guide  Targets 

Some  preliminary  thoughts  were  given  to 
celestial  references  available  for  aiming  and 
for  long-term  pointing  of  the  3-meter  tele- 
scope during  observation  of  an  experimental 
target  For  most  cases,  the  target  itself  will 
not  be  useful  as  a guide  source.  In  many 
instances,  the  photon  flux  will  be  insufficient 
(quasars;  +16  to +20  magnitude);  other 
targets  will  not  be  suitable  for  guidance 
because  of  their  extended  shape;  and  some 
targets  may  have  a spectral  response  outside 
of  the  guidance  detector. 

For  a brief  review  of  actual  conditions,  a 
number  of  experimental  targets  was  selected 
at  random  (table  1),  and,  using  their  celestial 
coordinates,  brighter  suitable  guide  stars 
(+7.5  magnitude  and  up)  were  picked,  one  for 
each  target.  Figure  1 shows  these  guide  stars 
by  magnitude  and  offset  angle  from  their 
respective  targets.  As  shown  in  this  graph,  for 
the  listed  radio  and  x-ray  sources  and  Seyfert 
galaxies,  the  majority  of  suitable  guide  stars 
are  of  the  +6.5  to  +7.5  magnitude  and  have  an 
offset  an^e  between  5 and  60  arc  minutes. 
Only  one  guide  star  required  an  offset  angle 
of  90  arc  minutes.  Some  targets  offered  more 
than  one  guide  star,  and,  in  some  instances,  a 
tradeoff  between  magnitude  and  offset  angle 
was  possible.  The  dashed  lines  in  the  graph 
connect  such  alternate  guide  stan. 

As  the  preliminary  review  of  the  fine- 
pointing  techniques  for  the  3*meter  telescope 
progressed,  it  became  obvious  that: 

1.  The  hole  in  the  primary  mirror  (if 
any)  will  not  permit  an  offset  of  more  than 
30  arc  minutes  in  the  f/30  telescope,  and 


placement  of  the  fine-pointing  sensor  in  front 
of  the  primary  mirror  may  be  objectionable. 

2.  By  using  the  full  3-meter  aperture 
for  guidance,  outside  of  the  active  experi- 
mental field-of-view,  guide  stars  down  to  9 or 
10  magnitude  will  offer  the  required  pointing 
stability. 

In  addition,  at  least  two  guide  stars  for 
each  target  shall  be  used  in  order  to  com- 
pensate for  errors  due  to  roll  instability, 
iliese  errors  increase  linearly  with  the  offset 
angle  for  low  offsets  (tan  1®  a arc  1®). 

For  the  above  reasons,  a smaller  offset 
angle  shall  be  considered.  It  is  proposed  that  a 
study  of  guide  stars  as  a function  of  experi- 
menter targets  be  instituted  prior  to  an  actual 
instrumentation  study. 

A poll  of  prospective  experimenters  for 
the  purpose  of  listing  targets,  their  character- 
istics, duration  of  the  experiment,  and  sug- 
gested guide  stars  may  prove  very  useful 

Su^ested  Instrumentation  for  Aiming 

A brief  review  of  experimental  flight 
experiences,  specifically  those  of  the  Orbiting 
Astronomical  Observatory  (OAO)  A-2,  is 
important  to  this  discussion. 

The  OAO  spacecraft  uses  a General  Elec- 
tric attitude  control  system,  which  provides 
the  inertial  wheel  actuators,  one  each  for 
pointing  correction  in  pitch,  yaw,  and  roll 
axes.  Six  KoUsman  star  trackers,  appro- 
priately located  on  the  spacecraft,  sense 
spacecraft  pointing  by  means  of  simultaneoiu 
tracking  of  three  or  more  preselected  stars. 
Figure  2 shows  one  of  these  star  trackers.  Its 
telescope  is  mounted  on  two  gimbals,  afford- 
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Tabk  1.  Rei^esentattve  Targets  for  the  3-hieter  Orbiting  Telescope  and  Their  Nearest  Guide  Stars 


1 

1970 

Guide  Star  1 

■Ri 

Guide  Star  3 

# 

Type 

Name 

DEC 

MAC. 

Offset 

MAG. 

Offset 

MAG. 

Offset 

''  id 

* ^ 

m 

degree 

ESI 

arcmitn 

arc  mm 

arc-min 

"k  5 

R 

Androbwda  Gel.  m 

4 

24.0 

41.0 

♦63 

♦41 

57 

06 

♦7.0 

♦7.5 

40 

30 

3 

S 

NCC  1968 

02 

40.0 

-00 

14 

♦3.5 

45 

R 

Foffiex  A 

03 

21 

•37 

17 

♦7.0 

25 

S 

RX 

Crab  Neb.  Ml  (Tau  XR'I) 

05 

32.6 

♦22 

00 

♦6.5 

30 

‘ 

R 

Onon  Neb.M42 

05 

33.8 

-05 

25 

♦6.5 

<5(b|d» 

7 

R 

1C  443 

06 

15.5 

♦22 

36 

♦3.0 

50 

8 

R 

Rosette  Neb, 

06 

30.4 

♦04 

53 

♦7.0 

6 

9 

X 

LeoXR.l 

09 

33.0 

♦08 

36 

♦7.5 

30 

♦5.5 

9l 

iO 

S 

NCC35I«- 

II 

03.4 

♦72 

50 

♦7.0 

35 

11 

S 

NGC4I51 

12 

08 

♦39 

41 

♦7.0 

30 

12 

R 

3C273 

12 

Qn 

♦02 

14 

♦7.0 

55  (bin) 

13 

RX 

Virgo  AM87 

12 

mktM 

♦ 12 

34 

♦7.5 

60 

14 

R 

Centiurus  A 

13 

EH 

-42 

52 

♦7.0 

35 

IS 

R 

X’295 

14 

10.4 

♦52 

19 

♦6.5 

<S 

16 

X 

ScoXR-l 

16 

15 

-IS 

12 

♦7.5 

5 (bin) 

♦6.0 

20 

17 

X 

SCO  XR-2 

17 

08 

-36 

24 

♦6.0 

60 

18 

R 

3C353 

17 

19 

-00 

57 

♦6.0 

5$ 

19 

R 

Kepler  S'nova 

17 

29 

-21 

16 

♦6.0 

45 

20 

X 

Opli  XR-I 

17 

32 

-20 

42  1 

♦6.5 

90 

21 

R 

Galactic  Nucleus 

17 

44.1 

-28 

50  1 

♦7.5 

40 

22 

X 

SgrXR-2 

18 

10 

-17 

X 

♦7.5 

40 

23 

R 

Omega  Neb.,  Ml 7 

18 

18.6 

-16 

18  i 

♦7.5 

<5 

24 

X 

Ser  XR-I 

18 

45 

♦05 

18  i 

♦60 

25 

25 

R 

3C392 

18 

54.6 

♦01 

17  i 

♦7.5 

<10 

26 

X 

CygnusXRl 

19 

57 

♦34  1 

00 

♦4.0 

60(bgd) 

27 

RX 

Cygnus  A.  XR-3 

19 

58.4 

♦40 

39 

♦70 

10 

28 

R 

Cygnus  X 

20 

21.5 

♦40 

17 

♦2.5 

10 

29 

R 

HB2I 

20 

45.6 

♦50 

34  i 

♦7.0 

25 

♦7,5  1 

20  1 

1 

30 

! RX 

Cygnus  Loop 

20 

50.8 

♦29 

34 

♦7.5 

25 

♦6.5  i 

60  1 

1 

31 

R 

N.  America  Neb. 

20 

54 

♦43  1 

57 

♦6.5 

10 

♦40 

35 

32 

X 

Cygnus  XR-2 

21 

45 

♦39  1 

00 

♦7.5 

10 

♦7.0 

20 

♦4.4 

45 

33 

R 

Cassiopea  A 

23 

22.1 

♦58  i 
1 

38 

JILj 

50  (var  jnult.) 

1 

R - radio  source!  bin  • binary 

X ^ x>ray  sources  b|d  • also  back|rouiid 

S • Seyfert  Nebula  var.  mult.  • variable  multiple 


ing  it  a ±45*degree  freedom  of  rotation  in  two 
orthogonal  axes.  Each  gimbal  is  positioned  by 
means  of  a DC  torquer  motor  to  the  com- 
manded anfde.  A resolver  is  used  for  the  angle 
readout,  which  is  the  feedback  in  the  closed- 
loop  gimbal  operation. 

The  tracker  telescope  optics  are  shown 
schematically  in  figure  2.  The  photon  flux 
collected  from  the  guide  star  is  divided  by 
means  of  the  roof  reflector  into  two  equd 
converging  beams,  each  focused  in  the  plane 
of  an  aperture.  The  two  apertures  move  in 
two  orthogonal  directions.  This  motion, 
governed  by  respective  vibrating  reeds, 
encodes  upon  the  two  ^x  romponents  a 
modulation  pattern  that  is  a function  of  the 
image  position  with  respect  to  the  center  of 
aperture  vibration.  A photomultiplier  tube 
converts  the  recombined  photon  fluxes  into 


two  electron  current  components.  Separated 
by  means  of  synchronous  detection,  these  ' 
currents  provide  the  tracker  error  signals 
referenced  to  the  axes  of  modulation  (ref.  1 ). 

The  scanner  amplitudes  provide  a tele- 
scope field-of-view  of  1 degree  by  1 degree. 

For  this  field-of-view,  a second  magnitude  star 
can  be  resolved  to  an  rms  position  stability  of 
±5  arc  seconds  in  a bandwidth  of  3 hertz.  The 
actual  predicted  tracker  accuracy,  including 
gimbal  angle  readout  errors  and  servo  sta- 
bility, was  20  arc  seconds,  for  which  the 
precheted  OAO  spacecraft  pointing  was  1 arc 
minute  circular  error  for  a duration  of  SO 
minutes  during  each  orbit. 

Based  on  spacecraft  data  in  the  first 
month  of  operation  in  orbit  (ref.  2),  the 
average  sensing  and  pointing  results  obtained 
were  25  percent  better  than  the  predicted 
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0 10  20  30  40  SO  to  70  SO  SO 

OfftET  AHOLE  ARC‘MIN 

Figure  1.  Guide  stairs,  +7  magrUtude  and  brighter,  as  a 
Junction  of  offset  at^  from  targets.  (See  table  1.) 

values.  Moreover,  this  performance  was 
obtained  with  0.3  magnitude  dimmer  stars. 

After  approximately  five  months  of 
space  operation,  the  star  tracker  sensitivity 
decreased  to  the  level  predicted  by  ground 
calibration;  however,  the  spacecraft  pointing 


is  better  than  30  arc  seconds  (60  arc  seconds 
predicted). 

The  detailed  star  tracker  characteristics 
are  listed  in  the  Orbiting  Astronomical  Obser- 
vatory Handbook  (ref.  3).  Table  2 compares 
the  performance  of  the  Kollsman  OAO  star 
tracker  performance  with  other  star  trackers. 
This  tabulation,  prepared  by  The  Franklin 
Institute  (ref.  4),  was  reprinted  to  include  the 
latest  corrections. 

Another  gimballed  star  sensor,  also  with 
a ±45-degree  angular  coverage  but  using  solid- 
state  digital  detectors,  was  developed  by 
Kollsnsn  for  space  application.  With  a tele- 
scope field-of-view  of  10  by  10  arc  minutes, 
scanner  accuracies  in  the  order  of  1 arc 
second  were  measured  while  including  the 
gimbal  readout  errors;  tracker  accuracies  of 
S arc  seconds  were  obtained  in  a laboratory 
test  Figure  3 is  an  exploded  phantom  view  of 
this  digi-optic  star  sensor;  figure  4 shows  the 
prototype  configuration.  This  digital  solid- 
state  star  tracker  is  suitable  as  the  coarse 
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Figure  Z OAO  mut  tracker. 
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Table  2,  Summary  of  Star-Tracker  Characteristics  (ref  3);  Revised  2120169 


fcafltity 

MaiiufKturer 

Scanned  FMd- 
of-Vie* 

« 

AccurKy 

Axes 

Sentitiviiy 
(Star  Magm- 
ludc) 

Detector 

Srze 

(m.) 

Weigh! 

(lbs.) 

Power 

(W2*ts) 

Life 

Stalui 

(12/31/65) 

OAO 

Star  Tracker 

Koflimaa 

5mc 

2 

+2 

PM 

9x5x44 

4.8 

4 1 

f-year 

mission 

Flown 

Canopus 

TrKker 

BariMt  Eng.  Co ; 
JPL 

5* a II* 

0.I* 

null 

1 

♦2.3 

ID 

4x5x11 

5 

1.5 

1 :0x 

I0*ho«n 

Flown 

Dual  Mode 
Star  TrKker 

ITT 

or 

32  mm.  x 32  mm. 

5 sec. 
rtns 

2 

♦3 

ID 

5 X 104  X 1 

95 

8.0 

^ototype 

Sun /Star 
Senior 

Nortrofdct 

30  min. 

IQ  ICC. 

2 

♦3 

PM 

(IGSrubrc 

inches) 

9 

8.0 

— 

Prototype 

II 

Sanulaibart 
Reaaarch  Canter 

±2*  X S* 

O.l* 

1 

Can. 
to  5 

PM 

— 

4.9 

— 

2-week 

mnakm 

.Flown 

NON  121 
Star  TrKker 

Nortronka 

10  min.  % 
10  min. 

2Jsk.  X 
latK. 

2 

♦3.5 

VID 

(265  cubic 
inches) 

9.3 

12 

t.8x 

10^  hours 

Prototype 

(MOItekiip 
Star  TrKker 

BandixCorp.; 

ITT 

l*x  I* 

9sec 

2 

♦2  5 

ID 

5-3/8x54  X 
34 

6 

i 

4.5 

1-ycar 

mission 

Prototype 

m • nmomultlptirr  lub* 

JFL  • ifl  hopuMott  UbonioriM  © . d^ior  iwbf 

rrr  < Inltmtloml  Tdtphow  Md  Tfiffnph  Corpontion,  Ftdenl  Uborttonts  VIq  . vidjoon  tube 


sensor  on  the  laiie  space  telescope.  The 
advantages  of  a direct  digital  input  to  the 
computer,  its  high  reliability  enhanced  by 
lack  of  a scale  voltage,  are  obvious.  A strap- 
down  detector  of  similar  basic  design  may  be 
considered  for  the  intermediate  and  fine- 
pointing  sensors  for  the  3-meter  telescope. 

Other  star  sensors,  of  the  analog  solid- 
state  type  are  being  bufit  at  the  present  time 
by  Kollsman  for  space  application.  These 
work  on  the  track-to-null  method,  possess  the 
same  hi^  reliability  as  the  digital  sensors, 
and,  in  addition,  have  simplifici  signal- 
processing electronics.  Figure  5 shows  one  of 
the  scanners  that  uses  analog  solid-state  detec- 
tion. 

Kollsman  has  also  built  the  Goddard 
Experiment  Package  (GEP)  ultraviolet 
spectrophotometer,  which  will  be  flown  in 
1970  as  the  OAO-B.  This  environmentally 
tested  and  NASA-accepted  system  (both 
prototype  and  flyable  units  have  been  deliv- 
ered) provides  a fine-pointing  sensor  with  a 
noise-limited  resolution  of  0.1  arc  second  for 
a '•‘2  magnitude  star  in  a fleld-of-view  of  4.5 
arc  minutes  and  3-hertz  bandwidth.  It 


provides  error  readouts  in  pitch  and  yaw, 
offers  high  reliability  through  100  percent 
redundancy,  and  was  designed  for  a star 
magnitude  range  from  >-1  to  +10  or  an  input 
flux  range  of  10*:J  with  resulting  error 
changes  below  3 decibels,  achieved  by  a 
closed-loop  operation  ol  the  photomultiplier 
tube.  This  sensor  uses  “niggedized,”  low- 
noise,  photomultiplier  ti-bes  with  an  S-17 
caflu^e  spectral  response.  The  mechanical 
light  modulators  are  of  a balanced, 
temperature-compensated  type,  maintaining 
its  amplitude  through  a feedback  operation. 
Synchronous  detection  pro^des  noise  limi- 
tation. This  sensor  is  generating  accurate  r:tar 
magnitude  signals,  which  wil'  be  transmitted 
via  the  telemetry.  Based  oi  the  results  of 
these  transimssions,  some  of  OAO-II  magni- 
tuue  discrepencies  will  be  reso>ved. 

Extrapolation  of  this  GEP  fine  error 
sensor  into  a 3-meter  system  offers  the 
required  error  seating  of  O.OC'3  to  0.00S  arc 
second  for  stan  of  +9  magnitude. 

For  the  large  telescope,  it  is  envisioned 
that  the  spacecraft  may  be  pointed  to  an 
accuracy  of  approximatdy  0.1  second  of  arc 
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• FLEXIBILITY ALL  ORBIT  CAPABILITY SMALL  STAR  CATALOG 

• GIMBALS  PROVIDE  LARGE  F.O.V ASSURE  STAR  AVAILABILITY 

• DIGI-OPTICS  PROVIDES  FINE  VERNIER  OF  STAR  POSITION 

• NON  NIXLING RATE  SERVO  APPROACH  ALLEVIATES  CRITICAL  SERVO  DESIGN 
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Figure  3.  Star  sensor  assembly  fSSA),  digi-optics  star  sensor. 


using  two  intermediate  solid-state  or 
photomultiplier-tube  star  sensors  for  con- 
trolling all  three  spacecraft  axes  (roll,  pitch, 
and  yaw)  and  viewing  at  least  two  stars.  One 
spacecrah  control  axis  (pitch  or  yaw)  shall  be 
aligned  in  the  plane  given  by  the  line-of-sight 
to  the  experimenter’s  target  and  the  line-of- 
sight  to  the  brighter  guide  star.  One  inte^ 
mediate  sensor,  located  along  this  control 
axis,  shall  be  offset  by  the  angle  denoting  the 
guide  star  location  in  respect  to  the  experi- 
menter’s target.  A second  intermediate  sensor 
shall  have  a wide  freedom  of  rotation  about 
the  roll  axis  as  well  as  an  offset  range  in  order 
to  accommodate  a second  guide  star,  prefe^ 
ably  offset  in  the  opposite  direction  from  tlie 
optical  axis  (180  degrees  ± 30  degrees  from 
the  first  guide  star). 


To  provide  the  experiment  pointing  to 
the  required  0.01  second  of  arc,  an  optical 
beam-steering  device  is  proposed.  KoUsman 


figure  < PredsioH  d^Foptk  star  sensor,  prototype. 
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Figure  5.  SoM-etate  tdetcope. 


has  evaluated  electromagnetic  and  piezo* 
electric  beam-steering  mechanisms;  these 
concepts  ate  illustrated  in  figures  6 and  7, 
respectively.  The  beamsteering  solution  will 
permit  a higher  frequency  response  dur  to 
highly  reduced  inertia  as  compared  to  the 
overall  telescope.  Previous  piezoelectric  beam 
steering  studies  were  a^  performed  by 
General  Telephone  and  Electronics  (Sylvania) 


flfwv  d.  Bern  tteerint  elecinmmgmtk  actuetor. 


in  Bayside,  New  York.  The  decision  between 
piezoelectric  (hi^  voltage)  and  electro* 
magnetic  (low  voltage)  or  a third  type  of 
beam  steering  shall  be  made  after  a detailed 
study  of  the  problem  and  the  available  solu- 
tions, including  the  longevity,  space  environ- 
ment influence,  low  power  dissipation,  and 
the  reliability  aspects. 

Testing 

Two  major  error  sources  in  testing  are 
conr  ionly  known  to  optical  designers  who 
evaluate  precision  optical  systems.  One  is  the 
error  caused  by  vibration  of  the  optical 
bench,  the  other  is  the  error  caused  by  air 
tui'oulence  between  the  transmitter  and  the 
'.eceiver. 

As  a general  rule,  decoupling  from  the 
ground-transmitted  wave  is  obtained  down  to 
frequencies  between  1 and  S hertz.  For  a large 
optical  system,  using  a SO-meter-lortg  optical 
bench,  the  Kollsman  study  under  the 
OATES*  revealed  that  the  seismic  block  atten- 
uation of  an  actual  facility  (ref.  S)  ceases  at  B;,. 
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approximately  1 hertz.  An  amplification  of 
the  inputs  is  obtained  at  frequencies  below 
0.1  hertz. 

A brief  review  of  seismic  activities  as  a 
function  of  geographic  location  (ref.  6)  re- 
vealed that  a high  microseismic  activity  is 
detected  near  the.  coasts,  probably  due  to 
tidal  wave  couplings.  In  areas  remote  from  the 
coast,  as  a general  assumption,  the  micro- 
seismic  wave  period  varies  from  0.03  to 
9.0  seconds,  and  the  amplitude  range  is 
between  0.5  x ICT*  and  5.0  x 1(T*  meter.  A 
seismic  survey  indicated  that  the  level  was 
nuch  hi^er  near  the  coast.  Therefore,  the 
test  facility  had  to  be  moved  to  another 
location. 

For  a representative  condition,  the  wave 
velocity  is  V 3000  meters  per  second,  and, 
for  a 20-hertz  wave  frequency,  the  wavelength 
is  X = 1 50  meters.  At  a certain  time,  the 
30-meter  block  will  rest  on  the  crest  of  the 
seismic  wave,  and,  assuming  that  it  is  sup- 
ported in  the  middle,  it  will  incur  a sag  of 
approximately  0.2  x KT*  meter.  Accordingly, 
a collimator  mirror  mounted  at  the  end  of  the 
block  will  be  tilted  by  an  an^e  of 
6 = 0.005  arc  second,  and  the  change  in  the 
transmitted  light  beam  direction  is 
20  = 0.0!  arc  second.  Because  of  the  receiver 
tilt  at  the  other  end  of  the  bench,  a total  error 
of  86  .=  0.04  arc  second  will  result.  These  arc 
only  hypothetical  numbers;  in  reality,  much 
hi^er  errors  may  be  encountered. 

The  second  difficulty  is  the  air  turbu- 
lence and  attenuation  when  the  ultraviolet  is 


involved.  Some  statements  were  made  to  the 
effect  that  evacuation  will  be  necessary.  As 
far  as  it  is  known,  the  present  vacuum  tech- 
niques are  inadvertently  connected  with  a 
hi^  degree  of  vibration. 

Since  a solution  of  the  vibration  is  not  in 
sight,  a drift-free  environment  with  an 
extreme-temperature,  long-term  stability  may 
be  sought.  In  the  Kollsnan  OATES  study,  an 
investigation  of  old  irming  shafts  or  caves 
away  from  the  coastline  was  proposed  for 
this  application.  A further  study  may  be 
necessary,  including  the  progress  in  vacuum 
facilities. 
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In  the  Large  Telescope  Experiment 
Program  (LTEP)  at  NASA’s  George  C. 
Marshall  Space  Flight  Center,  there  are  a 
group  of  interrelated  experiments  and 
demonstrations  that  are  associated  with  the 
development  of  optical  space  technology, 
particularly  in  the  area  of  ultrafme  pointing. 
The  justification  for  conducting  this  group  of 
experiments  on  the  LTEP  is  based  upon  the 
principle  that  the  performance  of  a precision 
space  telescope  is  equally  dependent  on  both 
the  stability  of  its  guidance  system  and  the 
quality  of  its  optics.  A diffraction-Unuted 
optical  instrument  in  space  requires  a corre- 
spondingly precise  pointing  system. 

There  are  very  few  pointing  techniques 
that  can  provide  the  foundations  for  a space 
experiment  in  pointing  to  1/100  arc  second  or 
less.  Specifically,  the  two  most  pronusing 
techniques  are:  J 

1.  Transfer  leus  techniques,  sum  as 

used  on  Stratoscope  II  flights  ^ ^ 

2.  Body  point  techniques  with  free 
float,  such  as  those  developed  for  the 
Princeton  .\dvanced  Satellite. 

The  transfer  lens  technique  by  itself  does 
not  provide  the  image  rotational  stability  that 
is  required  for  space  astronomy.  Rotational 
pointing  operations  about  the  line  of  sight 
(RLOS)  require  expanding  this  list  of  two 
techniques  to  include  RLOS  approaches 
applicable  to  space  telescope  systems: 

• Risley  prism  beam  orientation  tech- 
niques. which  are  most  useful  for  laser 
communication  experiments 

« Body  point  techniques  with  vehicle 
orientation,  such  as  the  Orbiting  Astro- 
nomical Obwrvatory  (OAO) 


• Body  point  techniques  using  flex- 
ure gimbals,  such  as  Stratoscope  II  and  the 
Apollo  Telescope  Mount  (ATM) 

• Image  motionrcompensation  tech- 
niques. 

The  Perkin-Elmer  approach  to  the  point- 
ing experiments  and  feasibility  demonstra- 
tions for  the  LTEP  is  based  upon  conducting 
space  flight  experiments  in  1/100  arc-second 
pointing  and  using  astronomical  types  of 
instrumentation  to  evaluate  pointing  perfor- 
mance. 

The  minimum  pointing  error  of  a servo- 
controUed.optical  line-of-sight,  tracking  a star 
via  image-splitting  techniques,  has  been 
derived  to  be  a direct  function  of  the 
diffraction-limited  resolution  of  the  telescope 
and  an  inverse  function  of  the  signal-to-noise 
ratio  of  the  sensor.  As  the  telescope  diameter 
increases,  the  minimum  pointing  error  reduces 
in  square-law  fashion  while  the  required 
pointing  error  reduces  linearly.  Hence,  the 
ultimate  pointing  figure  of  merit  for  a system 
tends  to  increase  with  telescope  diameter  if 
visual  magnitude  and  bandwidth  remain 
constant. 

In  the  Perkin-Elmer  study  on  the  Optical 
Technology  Experiment  System  (OTES)  for 
the  Marsh^  Space  Flight  Center,  a 2-meter, 
diffraction-limited-telescope  pointing  system 
was  analyzed.  The  OTES  is  illustrated  in 
figure  1.  Figure  2 presents  the  basic  data  of 
minimum  pointing  error  as  a function  of  tele- 
scope diameter,  servo  bandwidth,  and  star 
bii^tness.  The  curves  show  (for  an  example, 
see  sample  point)  that  the  2-meter  OTES 
telescope,  utilizing  a 1 -hertz  servo-equivalent 
noise  bandwidth  and  having  33  percent 
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optical  and  6 percent  quantum  efficiencies, 
can  theoretically  achieve  a 0.0005  arc*second 
rms  performance  tracking  twelfth  magnitude 
stars.  Additional  pointing  erron  caused  by 
background  light,  phototube  dark  current, 
and  noise  from  electronic  control  circuitry 
can  generally  be  reduced  by  straightforward 
design  measures  and,  like  quantum  noise,  by  a 
servo  bandwidth  reduction.  Unfortunately, 
the  attainment  of  arbitrarily  high  perfo^ 
mance  by  resorting  to  extremely  low  band- 
width is  prevented  by  the  presence  of 
telescope  torque  disturbances  that  cause 
increasing  errors  as  the  bandwidth  is  reduced 
in  a given  control  system.  The  torque  distur- 
bances produce  pointing  errors.  Although  a 
smaller  error  due  to  noise  results  as  servo 
bandwidth  is  reduced,  torque-induced  errors 
increase. 

The  gravity-gradient,  magnetic,  and  solar 
pressure-induced  disturbance  torques  are  at  a 
constant  frequency  and  within  the  servo 


bandwidth.  All  three  disturbance  sources 
could  potentially  limit  the  pointing-system 
performance.  If,  however,  the  system  band- 
width is  not  structural-resonance-limited  but 
is  maintained  constant,  only  gravity-gradient 
disturbances  would  be  of  any  concern. 
Whether  or  not  such  disturbances  are  a prob- 
lem depends  upon  the  many  system  param- 
eters, including  those  that  determine  torque 
magnitude  (and  frequency),  such  as  orbital 
altitude  and  asymmetry  of  mass  distribution. 
It  is  noteworthy  that  an  orbital  change  from  a 
20,000-mile  orbit  to  a 260-mile  orbit  will 
increase  the  gravity-gradient  magnitude  by  the 
cube  of  the  radius  ratio;  i.e.,  600,000  times. 

The  corresponding  disturbance  fre- 
quency, moreover,  would  increase  by  a factor 
of  16  and,  hence,  would  appear  at  a fre- 
quency where  the  lead-lag  stabilized  OTES 
telescope  could  have  its  gain  increased  by 
proportional  plus  integral  characteristics.  The 
gravity-gradient-induced  error  for  a telescope 
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in  synchronous  orbit  is  negligible  in  compar- 
ison to  that  for  near-earth  orbits.  Similar 
considerations  for  magnetic  torques  also 
indicate  the  desirability  of  a synchronous 
orbit.  Solar  pressure,  on  the  other  hand, 
primarily  induces  static  or  bias  torque,  which 
is  very  effectively  combatted  by  incorporating 
this  proportionsd  plus  integral  servo  control. 

It  seems  clear  that  a large,  low-orbit, 
space  telescope  will  have  torque  disturbances 
that  will  limit  the  overall  pointing  accuracy. 

Up  to  this  point,  only  gross  line-of-sight 
pointing  errors  due  to  torque  disturbances 
and  noise  have  been  considered.  The  roll 
(about  the  line-of-sight)  telescope  error  is 
equally  important,  and  magnitude  constraints 
can  be  computed  based  upon  the  assumption 
that  recorded  image  smear  due  to  roll  should 
be  no  larger  than  that  due  to  gross  line-of- 
sight  errors. 

For  the  2-meter  OTES,  the  roll  precision 
requirement  was  computed  to  be  1.5  arc 
seconds  maximum  to  0.1 4 arc  second  mini- 
mum. 

The  total  field-of-view  of  the  2-meter 
OTES  must  be  somewhat  larger  than  the 
recorded  field-of-view  to  ensure  a reasonably 
high  probability  of  containing  at  least  two 
guide  stars.  The  guidance  field  must  be  large 
enough  so  that  the  guidance  photosensors  can 
see  the  guide  stars  with  the  maximum  initial 
mispointing  angle  of  the  telescope.  The 
diameter  of  the  guidance  field  during  tracking 
may  be  smaller  than  the  guidance  field  re- 
quired for  acquisition  in  order  to  avoid 
excessive  degradations  due  to  steller  back- 
ground light. 

For  the  2-meter  OTES,  the  structural 
pointing  error  is  estimated  at  7.S  arc  seconds 
while  the  frequency  is  one  cycle  per 
90  minutes.  Tl^  structural-pointing-error 
frequency  can  be  used  to  determine  the 
open-loop  gain  required  at  this  frequency  to 
reduce  optical  pointing  error  to  one-tenth  the 
diffraction-limited  resolution  of  the  telescope. 
A minimum  wavelength  of  1000  angstroms 
was  used  to  establish  the  pointing  require- 
ment for  the  2-meter  OTES  telescope.  There 
will  be  a deterioration  of  the  guidance  pre- 
cision due  to  photon  noise.  The  disturbance 


caused  by  photon  noise  is  to  be  held  to  one- 
tenth  the  Effraction-limited  performance  of 
the  2-meter  telescope  at  1 000  angstroms.  The 
guidance  error  contribution  allocated  to 
photon  noise  was  computed  (ref.  1)  to  be 

0. 00084. arc  second.  Note  that  the  pointing 
precision  needed  to  take  advantage  of  the 
2-meter  diffraction-limited  aperture  is  0.005 
arc  second  (ref.  2). 

If  the  allowed  photon-noise-induced 
error  is  one-tenth  the  optical  resolution  at  the 
minimum  wavelength  of  \ = 0. 1 micron,  then 
the  offset  guide  star  magnitude  for  pointing 
will  be  1 5 for  the  2-meter  OTES. 

The  total  optical  field  can  be  established 
with  the  aid  of  figures  3 through  6.  Figure  3 
shows  the  average  number  of  guide  stars  per 
square  degree  as  a function  of  galactic  latitude 
and  star  magnitude;  i.e.,  approximately 
240  per  square  degree  for  My  =15.4  at 
90-degree  latitude.  Figures  4 and  5 indicate 
the  probability  statistics  of  star  occurrence  in 
the  field,  assuming  a Poisson  occurrency 
spatially;  i.e.,  from  figure  5,  the  area  of  field 
required  for  90-percent  probability  is  (;r/4) 
(8.6)*  square  arc-minute  field  area.  Figure  6 
shows  the  results  based  upon  90-percent 
coverage. 

Note  that  figures  4 and  5 have  the  field- 
of-view  for  the  2-meter  OTES  sketched  in  at 
30  arc  minutes.  The  optical  design  of  the 
system  was  then  based  upon  achieving  a flat 
diffraction-limited  guidance  field  of  this 
value. 
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Figure  3.  AvaHabOity  of  guide  stars. 
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Introduction 

This  paper  describes  the  work  accona- 
plished  at  Langley  Research  Center  and 
concerned  with  the  stabilization  and  fine 
pointing  of  a 1 20-inch-diameter  orbiting  tele- 
scope. Four  subjects  are  discussed. 

1.  Telescope  Isolation  Analysis.  The 
results  of  an  analysis  of  an  attitude-stabilized 
telescope  passively  coupled  io  a crew  modulf* 
are  presented.  The  purpose  of  this  analysis 
was  to  determine  the  feasibility  of  stabilizing 
the  entire  telescope  to  better  than  0.01  arc 
second. 

2.  Fine-Pointing  Guidance  Sensor.  The 
principle  of  operation  and  the  experimental 
results  of  a fine-pointing  sensor  applicable  to 
large  orbiting  telescopes  are  explained. 

3.  Optical  Image  Stabilization.  A tech- 
nique for  star-image  motion  compensation  by 
the  use  of  optics  inlcmal  to  the  telescope  is 
described.  This  approach  may  be  used  to 
minimize  the  stringent  requirement  of  point- 
ing the  entire  telescope  structure.  Experi- 
mental results  are  discussed. 

4.  Scaling  Technique.  An  error  scaling 
technique  that  allows  the  attitude  control 
system  to  be  simulated  (using  representative 
hardware)  is  discussed. 

Telescope  Isolation  Analysis 

The  configuration  shown  in  figure  1 has 
been  suggested  as  a likely  mode  of  operation 
(ref.  1).  The  vehicle  consists  of  three  bodies:  a 
120-inch-diameter  telescope,  a soft  spring- 
suspension  system,  and  a service  module. 


The  attitude  control  problem  that  we  are 
investigating  for  this  mode  of  operation  is 
this: 

Since  the  resolution  of  a 120-inch 
diffraction-limited  telescope  is  0.04  arc 
second,  can  it  be  stabilized  to  0.01  arc 
second  or  better  when  subjected  to  a 
disturbance  environment? 

The  vehicle  is  shown  schematically  in 
figure  2.  The  telescope  is  attached  to  the 
susperiTion  system,  which  consists  of  a two- 
axis  gimbal  assembly  and  a spring  suspension 


Figure  1.  Artist's  corweptkm  of  soft  gfnbaled  v^tide. 
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Figure  2.  Schematic  diagram  of  soft  gimbaled  vehicle. 


made  up  of  three  sets  of  springs  located 
symmetrically  around  the  gimbal.  The  sus- 
pension system  is  connected  to  the  crew 
module  by  the  truss  assembly.  The  purpose  of 
the  suspension  system  is  to  isolate  the  tele- 
scope from  disturbances  in  the  crew  module. 
Ibis  isolation  is  optimized  when  the  center  of 
mass  of  the  telescope  and  center  of  rotation 
of  the  suspension  system  are  aligned. 
Damping  must  be  provided  to  limit  gimbal 
motion;  however,  this  damping  torque  will 
directly  couple  into  the  telescope. 

To  stabilize  the  telescope  against  crew 
motion  disturbances  as  well  as  disturbances 
caused  by  the  orbital  environment,  the  con- 
trol system  design  has  been  based  on  a single- 
axis,  twin-rotor,  control  moment  gyro  (CMC). 
This  conflguration  was  chosen  because  of  the 
operational  simplicity  and  high  torque-gain 
capabilities. 

The  analysis  of  this  vehicle  (ref.  2)  con- 
sisted of  an  analog  computer  simulation  of 
the  planar  rigid-body  equations  of  motion  of 
the  vehicle.  These  equations  consist  of  four 
translational  modes-two  for  the  crew  module 
and  two  for  the  telescope-and  three  rota- 
tional degrees^f-freedom,  which  include  the 
crew  module,  main  gimbal  assembly,  and  the 
telescope.  Control  systems  were  added  to  the 
telescope  and  the  crew  module.  The  equations 
of  motion  take  into  account  the  center  of 
mass  offset  between  the  telescope  and  the 
main  gimbal.  Damping  and  breakout  friction 
on  the  main  gimbd-to-telescope  bearing  con- 
nection has  been  considered  as  well  as  C!MG 


breakout  friction.  Noise  was  included  in  the 
.simulation  to  take  into  account  typical  signal- 
to-noise  ratios  for  the  pointing  sensor,  which 
was  assumed  to  be  operating  from  the  main 
optics  of  the  telescope.  Environmental 
torques  acting  on  the  vehicle  are  caused 
primarily  by  gravity  gradient.  Crew  motion 
disturbances  of  1 200  foot-pounds  on  the  crew 
module  were  included. 

The  vehicle  response  to  a crew  motion 
disturbance  and  small  environmental  torques 
is  shown  in  figure  3.  The  disturbance  is  shown 
in  the  top  trace  and  consists  of  two  1200- 
foot-pound  impulses,  acting  in  opposite  direc- 
tions, 2.S  seconds  apart.  The  main  gimbal 
attitude  reaches  an  an?plitude  of  approxi- 
mately 1/40  of  a degree.  It  stops  when  the 
disturbance  torque  acting  on  the  gimbal  is  less 
than  the  breakout  friction  in  the  telescope-to- 
gimbal  bearing  connection.  The  difference  in 
the  vertical  translation  between  the  crew 
module  and  the  telescope  is  indicated  on  the 
next  trace.  The  peak  amplitude  is  1/4  inch, 
and  the  motion  is  undamped.  The  horizontal 
motion  between  the  crew  module  and  tele- 
scope was  uncoupled  from  the  other  degrees 
of  freedom  and,  therefore,  is  not  shown;  this 
motion  is  also  undamped. 

Some  form  of  damping  must  be  provided 
to  limit  the  motion  of  these  translational 
modes.  The  next  tv/o  traces  indicate  the  tele- 
scope angular  rate  and  position.  The  limit 
cycle  is  caused  by  the  gyro  gimbal  friction 
nonlinearity,  which  was  assumed  to  be  0.05 
inch-ounce  per  gimbal.  The  variations  in  limit 
cycle  amplitude  are  caused  bv  variations  in 
the  magnitude  of  disturbance  torque  acting 
on  the  telescope.  The  amplitude  of  this  limit 
cycle  reaches  approximately  0.03  arc  second, 
which  does  not  meet  the  desired  pointing 
accuracy  of  the  telescope.  The  limit  cycle  in 
telescope  attitude  decreases  when  noicc  is 
taken  into  account  for  the  pointing  sensor  as 
shown  in  flgure3(b).  All  other  conditions 
were  exactly  the  same.  The  noise  causes  a 
dithering  effect  on  the  gyro  gimbal  and  tends 
to  reduce  the  amplitude  of  the  limit  cycle  in 
the  control  system.  In  this  case,  the  telescope 
remains  within  the  pointing  specification 
requirement  of  0.01  arc  seconds,  but  the 
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(a)  Nonlinear  ^stem  response. 


In  summaty,  the  analog  simulation  of 
the  planar  rigid-body  equations  of  motion  of 
the  vehicle  and  its  control  systems  has  been 
completed.  The  results  have  demonstrated  the 
initial  feasibility,  from  the  control  and  stabili- 
zation viewpoint,  of  coupling  the  telescope  to 
a manned  service  module  through  a passive 
suspension  system.  It  has  also  been  indicated 
that  the  desired  pointing  accuracy  of  0.01  arc 
second  can  be  met  when  the  vehicle  is  sub- 
jected to  a disturbance  environment  and  when 
the  effect  of  nonlinearities  in  the  telescope 
control  system  and  the  suspension  system  are 
considered.  The  studies  have  also  indicated 
that  some  form  of  diunping  will  be  needed  to 
limit  the  translational  motion  of  the  vehicle 
since  unrestricted  crew  motion  could  increase 
these  oscillations  to  intolerable  levels.  The 
flexible  modes  of  the  vehicle  will  be  added  to 
this  investigation  in  the  near  future. 
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(b)  Vehicle  attitude  response  to  a crew  motion 
disturbance  with  sensor  noise  inebsded. 
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(c)  Vehicle  attitude  response  to  a crew  motion 
disturbance  with  sensor  noise  included  and  dither 
torque  added. 

Figure  3.  Vekkte  response  to  a crew  motion 
disturbance. 


operation  is  marginal.  Because  noise  in  the 
signal  tends  to  reduce  the  limit  cycle  in  tele- 
scope attitude,  external  dither  torque  was 
added  to  the  gyro  gimbals;  the  effect  is  shown 
in  figure  3(c).  Comparing  this  truce  with  the 
others  that  were  run  for  the  same  conditions 
shows  improvement  in  pointing  accuracy  to 
well  within  the  desired  goal  of  0.01  arc 
second. 


Fine-Pointing  Guidance  Sensor 

To  stabilize  a telescope  to  0.01  second 
of  arc,  a fine-pointing  guidance  sensor  is  re- 
quired for  attitude  information.  A te^  uiique 
to  detect  star  image  motion  on  the  focal  plane 
of  a telescope  and  to  generate  position  infor- 
mation has  been  developed  and  evaluated 
using  an  image  dissector  tube  as  the  trans- 
ducer. A NASA  technical  note  (ref.  3)  con- 
taining this  information  will  be  available  in 
the  near  future.  The  discussion  and  results  to 
be  presented  are  for  a single-axis  case;  hov'- 
ever,  this  technique  is  also  ipplicable  to  a 
two-axis  system. 

The  schematic  representation  of  the 
laboratory  configuration  used  to  evaluate  the 
system  is  shown  in  figure  4.  The  configuration 
consists  of  a source  that  simulates  the  star,  a 
collecting  lens,  an  image  dissector,  and  digital 
electronics.  The  optical  system  was  designed 
to  produce  a star  image  having  the  same  size 
and  motion  on  the  plane  of  the  Emu- 
lated telescope  as  it  has  in  the  120-inch- 
diameter  telescope.  The  diameter  of  the  image 
is  equal  to  the  diameter  of  the  first  dark  ring 
of  the  Airy  disk. 

An  image  dissector  tube  is  shown 
schematically  at  the  top  of  figure  S.  A star 
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Figure  4,  Schematic  of  laboratory  configuration. 
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slit  aperture.  When  the  electron  image  crosses 
the  slit,  an  electrical  pulse  is  geneiated.  The 
pulses  are  shown  idealized  in  the  lower  half  of 
figure  5.  The  time  intervef  between  successive 
pulses  is  measured  and  the  difference  in  th: 
two  times  (ti  and  tj)  is  proportional  to  the 
angular  error  between  the  guide  star  and  tele- 
s.;ope.  The  sign  of  the  resulti'  3 number  indi- 
cates direction.  It  should  be  noted  that  other 
symmetrical  curves  could  have  been  used  for 
the  sweep  signal;  however,  the  triangular 
sweep  was  selected  because  of  its  linearity. 

The  pulse  train  is  processed  :>hown  in 
figure  6.  The  signal  pulses  containing  noise  are 
first  amplified  and  then  filtered.  The  principal 
effect  of  this  filter  is  to  lower  the  noise  band- 
width of  the  system,  the  leading  and  trailing 
edges  of  the  resulting  pulses  are  then  detected 
by  a Schmitt  trigger,  producing  a squared 
pulse.  Both  edges  of  the  signal  pulse  are 
detected  because  this  minimizes  errors  due  to 
noise.  There  Is  a sufficiently  high  correlation 
between  the  leading  and  trailing  edge- 
detection  times  so  that  the  time  variations 
tend  to  subtract  out  because  the  high  fre- 
quency noise  is  filtered.  Therefore,  the 
assumption  has  been  made  that  the  center  of 
the  squared  logic  pulse  is  the  center  of  the 
star  image. 


Fbinn  X Schematic  repraentathn  of  image  dissector 
tube,  sweep  signai,  and  output  pulses. 


image  is  focused  on  the  front  face  ot  the  tube, 
located  on  the  optica]  focal  plane;  this  pro- 
duces photoelectrons,  which  are  refocused 
onto  the  electron  fo^  plane.  The  defining 
aperture,  which  is  a slit  for  the  ^gle-axis 
case,  is  centered  in  the  electron  focal  plane. 
The  electron  image  is  scanned  vertically  across 
the  slit  by  passing  a sweep  signal  through  the 
magnetic  deflection  coils.  A triangular  nweep 
signal  was  used  for  the  experiments  made  on 
the  system. 

The  sweep  signal  is  plotted  on  the  upper 
trace  with  the  vertical  axis  representing  the 
electron  image  position  and  the  horizontal 
axis  representing  time.  In  this  illustration,  the 
star  image  is  off-axis;  therefore,  the  path  of 
the  electron  image  is  not  cente^  about  the 
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Figure  6.  Schematic  replantation  and  typical  wart- 
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The  output  of  the  Schmitt  trigger,  in 
conjunction  with  the  sweep  frequency  signal, 
controls  logic  gates  that  determine  the  direc- 
tion of  an  up-down  counter.  Tliese  gates  also 
provide  passage  for  the  clock  pulses  going  to 
the  counter.  The  up-down  counter  operates  in 
the  up  mode  during  time  ti  and  in  the  down 
mode  during  time  t2-  At  the  end  of  a com- 
plete counting  period,  the  resulting  digital 
number  (t,  - tj)  is  shifted  to  the  output 
register. 

Several  tests  w'ere  made  to  determine  the 
stability  of  the  system  and  its  ability  to  detect 
small  motions  of  the  star  image. 

Figure  7 shows  the  experimental  results 
of  varying  the  sweep  frequency  and  star 
magnitude.  The  star  magnitude  is  based  on 
the  120-inch-diameter  telescope  and  the  S-20 
response -image  dissector  tube  used  in  the 
experiments.  The  vertical  axis  represents  the 
system  stability  error  and  is  plotted  in  terms 
of  image  diameters  that  relate  directly  to 
angular  errors.  The  system  stability  error  is 
defined  as  the  two-sigma  deviation  in  mea- 
suring the  star  image  when  the  star  image  is 
stationary  on  the  optical  focal  plane.  The 
amplitude  of  the  sweep  signal  was  maintaLied 
constant  for  all  cases  at  28  image  diameters, 
which  is  equivalent  to  a field-of-view  of  2 arc 
seconds.  Tliis  is  based  on  a 120-inch  diameter 
telescope  operating  at  f/100. 


Five  different  sweep  frequencies,  varying 
from  125  hertz  to  200he’-tz,  were  used  for 
this  set  of  experiments.  The  bandpass  filter 
was  varied  directly  with  the  sweep  frequency. 
The  results  show  that  a 12.4  magnitude  star  is 
the  dimmest  star  that  can  be  seen  by  the 
transducer  when  the  sweep  frequency  is 
12.5  hertz.  For  a 100-hertz  sweep,  an  11.1 
magnitude  star  can  be  seen;  at  200  hertz,  it  is 
possible  to  guide  on  a 10.7  magnitude  star. 
The  system  is  stable  to  within  0.08  image 
diameter  when  guiding  on  a 10th  magnitude 
star  and  using  a sweep  frequency  of 
100  hertz. 

A few  relationships  can  be  seen  from 
these  curves,  which  have  also  been  proved 
analytically.  There  is  a linear  relationship 
between  the  log  of  the  system  stability  error 
and  star  magnitude;  a change  of  five  star 
magnitudes  will  change  the  system  stability 
error  by  a factor  of  10.  In  addition,  the  sys- 
tem stability  error  increases  with  the  sweep 
frequency  in  a square-root  relationship. 

Tests  were  made  to  observe  the  effect  of 
detecting  the  signal  pulse  on  both  leading  and 
trailing  edges.  A plot  of  system  stability  error 
versus  threshold  level  for  several  star  magni- 
tudes and  for  double-edge  detection  is  shown 
on  the  left-han  ’ side  of  figure  8.  Threshold 
level  is  defined  as  the  amplitude  at  which  the 
signal  pulse  is  detected.  In  this  test,  the 


Figun  7.  ^stem  stability  aror  versus  star  magnitude 
firr  several  sweep  frequencies. 


Figure  8.  System  stability  error  versus  threshold  level 
and  schematic  representation  of  typical  signal  pulse 
with  noise  envelope. 
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threshold  level  was  varied  from  lO  to 
70  percent  of  the  nominal  pulse  amplitude. 
The  bottom  curve  in  figure  8 is  for  a 7.5 
magnitude  star,  and  the  top  curve  is  for  a 1 2.0 
magnitude  star.  Each  of  these  curves  is  rela- 
tively flat,  which  indicates  that  threshold  level 
has  little  effect  on  system  stabil'ty. 

Earlier  tests  showed  tbit  the  threshold 
level  does  have  an  effect  if  siiijle-edge  detec- 
tion is  used.  This  can  be  seen  from  the  dia- 
gram on  the  right-hand  side  of  figure  8.  A 
signal  pulse  has  been  drawn,  and  the  dotted 
lines  represent  envelope  of  the  pulse  due  to 
noise.  The  time  variation  is  smallest  at  the 
lower  threshold  levels;  the  variation  increases 
as  the  threshold  level  increases.  When  the 
pulse  is  detected  on  both  the  leading  and 
trailing  edges,  the  time  variation  tends  to 
subtract  out  because  high-frequency  noise  has 
been  Altered. 

Figure  9 contains  experimental  data 
showing  the  linearity  of  the  system.  The 
image  dissector  was  mounted  on  a calibrated 
micrometer  base  that  was  moved  to  simulate 
the  effect  of  image  displacement.  The  digital 
output  number  was  recorded  for  each  posi- 
tion of  the  transducer.  In  this  figure,  the 
vertical  axis  represents  the  deviation  from 
best  straight  line,  in  percent  of  full  scale,  and 
the  horizontal  axis  represents  image  displace- 
ment in  image  diameteis.  The  system  is  linear 
within  0.1  percent  over  the  entire  Held-of- 
view  of  approximately  60  image  diameters 
except  at  the  end  points  where  some  distor- 
tion existed.  The  standard  deviation  is 
0.06  percent  of  full  scale. 

One  other  test  made  was  to  observe  the 
effect  of  averaging  the  data  over  a number  of 
sweep  periods.  As  expected,  the  system  sta- 
bility varied  with  the  square  root  of  the 
number  of  periods  averaged.  Based  upon  the 
experimentiil  results,  severa’ t onclusions  can 
be  made;  these  are  descac  I as  loUows. 

The  purpose  of  this  research  was  to 
design  and  evduate  a tc''hnique  by  which  star 
image  motion  on  the-  focal  plane  of  the  tele- 
scope is  detected  and  position  information  is 
generated  by  using  an  image  dissector  tube  as 
the  transducer.  This  was  successfuUy  accom- 
plished. The  measuring  technique  employed 


Figure  9.  Linearity  of  system. 


has  proved  to  be  practical  because  pulses  from 
the  image  dissector  are  inherently  digital  and 
can  be  digital -processed  with  little  signal 
conditioning.  The  versatility  of  the  image 
dissector  provides  great  Aexibility  to  the  user. 
The  sweep  frequency,  amplitude,  and  wave- 
shape can  be  easily  changed.  When  the  signal 
pulses  are  detected  on  both  the  leading  and 
trailing  edges,  the  effect  of  threshold  level 
becomes  negligible  because  the  time  variation 
for  both  edges  tends  to  subtract  out.  The 
system  has  been  shown  to  be  linear  within  0.1 
percent  of  best  straight  line  over  the  complete 
Aeld-of-view  of  60  image  diameters,  which  is  a 
very  large  dynamic  range.  The  linearity, 
accuracy,  and  Aexibility  of  this  sensor  make  it 
a prime  candidate  for  Ane-pointing  control 
systems  in  large  orbiting  telescopes. 

Optical  Image  Stabilization 

The  results  of  the  Arst  study  discussed  in 
this  paper  indicated  the  feasibility  of  stabi- 
lizing an  entire  telescope  to  0.01  arc  second 
when  connected  to  a crew  module  through  a 
soft  spring-suspension  system.  A different 
approach  is  possible  with  the  star  image 
motion  on  the  focal  plane  being  controlled  by 
internal  optics.  When  this  approach  is  used, 
the  requirement  for  controlling  the  entire 
telescope  structure  can  be  reduced;  and  the 
control  system  can  have  a high  bandwidth 
without  large  control  torques  because  of  the 
small  inertia  of  the  system.  An  all-reAecting 
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experimental  model,  designed  and  fabricated 
at  the  Langlev  Research  Center,  has  been  used 
to  demonstrate  the  principles  involved. 

The  purpose  of  an  image-motion-com- 
pensation system  is  to  maintain  the  star  imagj 
fixed  on  the  focal  plane  despite  small  motions 
between  the  guide  star  and  telescope.  In  the 
illustration  at  the  top  of  figure  10,  rays  from 
a star  are  shown  imaged  on  the  focal  plane 
after  reflecting  from  two  plane-parallel 
mirrors.  In  an  actual  case,  the  telescope  will 
move,  thereby  causing  all  star  images  to  be 
moved  on  the  focal  plane.  The  two  mirrors 
will  then  be  rotated  in  order  to  bring  the  star 
images  back  to  the  original  position. 

For  ease  of  experimental  evaluation,  we 
have  chosen  to  assume  the  telescope  sta- 
tionary and  to  analyze  the  motion  of  a star 
image  on  the  focal  plane  when  the  mirror 
system  is  moved.  First,  the  two  mirrors  must 
be  maintained  parallel  to  each  other  as  they 
are  rotated.  By  doing  this,  all  stars  within  the 
field-of-view  will  be  imaged  on  a plane  that  is 
parallel  to  the  focal  plane,  but  the  star  images 
will  be  changed  in  focus.  Second,  the  change 
in  focus  can  be  eliminated  if  the  path  length 
from  the  top  mirror  to  the  focal  plane  is 
maintained  constant.  This  can  be  accom- 
plished by  translating  the  bottom  mirror  as  it 
is  rotated.  An  illustration  of  this  is  shown  in 


Figure  10.  Schematic  representation  of  image  motion 
compensator. 


the  bottom  section  of  figure  10.  Both  mirrors 
have  been  rotated  through  the  same  angle, 
and  the  image  has  been  translated  along  the 
focal  plane.  The  distance  between  the  two 
mirrors  has  been  changed,  but  the  total  path 
length  remains  constant.  It  can  be  shown  that 
the  motion  of  the  bottom  mirror  describes  a 
parabola. 

The  hardware,  shown  in  figure  11,  con- 
tains the  complete  assembly,  the  top  plate 
containing  the  two  mirrors,  and  the  base 
assembly.  The  guide  bearing,  shown  mounted 
on  the  base,  functions  as  the  directrix  of  the 
parabola;  the  shaft,  which  is  the  center  of 
rotation,  serves  as  the  focus. 

In  order  to  evaluate  the  laboratory 
model,  a Twyman-Green  interferometer  has 
been  used  to  measure  the  change  in  path 
length  as  the  mirrors  are  rotated.  Basically, 
the  interferomete.  system  is  comprised  of  a 
laser,  a beam  splitter,  and  two  flat  mirrors,  as 
shown  in  figure  12.  The  image  motion  com- 
pensator is  included  in  one  leg  and  is  indi 
cated  by  the  dotted  lines  in  figure  12.  Any 
change  in  path  length  as  the  mirrors  are 
rotated  will  cause  the  fringe  pattern  on  the 
screen  to  change.  Each  fringe  is  equivalent  to 
12.5  microinches. 

The  Twyman-Green  interferometer  was 
used  only  for  measuring  the  change  in  path 
length  caused  by  misalignments  in  the  model. 
Figure  13  illustrates  the  various  misalignment 
errors  associated  with  this  model.  The  fol- 
lowing errors  have  been  measured  and 
calculated: 

1.  Both  mirrors  need  to  be  parallel  to 
each  other  and  at  an  angle  of  45  degrees  to 
the  optical  axis  when  initially  aligned. 

2.  The  front  surface  of  the  top  mirror 
should  be  directly  over  the  point  of  rotation, 
which  is  the  focus  of  the  parabola. 

3.  The  bottom  minor  is  physically  con- 
nected to  a guide  that  determines  the  amount 
of  translation.  The  front  surface  of  the 
bottom  minor  should  be  directly  over  the 
pomt  of  attachment  to  the  guide;  otherwise, 
the  mirror  will  not  be  tangent  to  a parabola. 
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Figure  1 1.  Image  motion  compensator  hardware. 


Figure  12.  Schematic  diagram  of  instrumentation 
used  to  evaluate  system. 


MIRROR 


PARABOIA 


Figure  13.  Schematic  representation  for  evaluating 
errors  in  system. 

4.  The  guide  is  a linear  bearing  that  is  at 
an  angle  of  45  degrees  to  the  optical  axis  and 
thus  parallel  to  the  two  mirrors  when  initially 
aligned. 

5.  The  translation  motion  of  the 
bottom  mirror  should  be  toward  or  away 
from  the  center  of  rotation. 

The  change  in  path  length  was  measured 
for  each  misalignment  error  described.  In 
figure  14,  some  typical  experimental  results 
illustrate  the  error  in  path  length  caused  by 
the  bottom  mirror  when  it  is  not  directly  over 
the  point  of  attachment  to  the  guide.  The  ver- 
tical axis  represents  the  error  m path  length 
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Figure  14.  Error  in  path  length  versus  mirror  rotation 
an^e  for  several  misalignment  errors. 


Figure  15.  Er,or  in  path  length  as  a function  of 
mirror  rotation  angle  for  best  aliment. 


plotted  in  terms  of  fringes.  (Based  on  the 
Rayleigh  criterion  for  a 1/4  wavelength  path 
difference,  an  f/20  system  has  a focal  range 
tolerance  of  over  3000  fringes.)  The  hori- 
zontal axis  represents  mirror  rotation  angle 
and  has  been  plotted  over  a range  of  ±2  de- 
grees, which  is  the  rotation  angle  necessary  to 
correct  for  a disturbance  of  ±2  arc  seconds  in 
a 120-inch-diameter  telescope  operating  at 
f/100.  The  numbers  shewn  on  the  enor 
curves  represent  the  distance  and  direction 
that  the  mirror  is  misaligned  from  the  perfect 
case.  The  values  shown  on  these  curves  are 
very  conservative  because  a physical  model 
can  be  fabricated  with  misalignment  errors 
that  are  two  orders  of  magnitude  smaller.  It 
can  be  seen  that  the  error  in  path  length  is 
proportional  to  the  misalignment  both  in 
magnitude  and  direction;  this  is  typical  of  the 
error  curves  in  this  system.  When  a system  has 
all  linear  errors,  only  one  adjustment  is 
needed  for  alignment. 

As  a final  check,  several  parameters  were 
misaligned,  and  the  complete  assembly  was 
rotated  to  compensate  for  all  the  other  errors. 
The  results  are  shown  in  figure  l.S.  In  this 
figure,  the  error  in  path  length  is  plotted  as  a 
function  of  mirror  rotation  angle,  lliere  is  a 
very  small  fluctuation  and  hysteresis  value 


associated  with  this  model.  The  peak-to-peak 
deflection  was  only  10  fringes,  and  the  hyster- 
esis was  5 fringes.  This  error  is  very  small 
when  compared  with  the  focal  range  tolerance 
of  3000  fringes.  Notice  that  the  path-length 
error  for  the  two  runs  have  almost  the  iden- 
tical shape.  This  is  typical  of  the  repeatability 
observed  in  this  system. 

The  previous  discussion  has  been  for  a 
single-axis  image  motion  compensator.  In 
reality,  a two-axis  system  is  needed.  The  main 
change  is  that  one  of  the  mirrors  should  be 
tangent  to  a surface  that  is  a paraboloid  of 
revolution.  As  can  be  seen  in  figure  16, 
motions  in  the  vertical  plane  remain  parabolic 
whOe  those  in  the  horizontal  plane  will  be 
circular. 

In  conclusion,  the  experimental  results 
have  shown  that  optical  image  stabilization 
appears  feasible.  If  small  optics  are  used 
internal  to  the  telescope,  a control  system  for 
star  image  stabilization  can  be  designed  that 
reduces  the  stringent  pointing  requirements 
on  the  large  telescope  structure.  The  image- 
motion -compensation  system  uses  only  two 
mirrors  for  two-axis  control.  All  the  appre- 
ciable errors  for  the  model  described  are 
linear;  therefore,  only  one  adjustment  is 
needed  to  align  the  system. 
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Figure  16.  Schematic  diagmm  illustrating  two-axis 
technique. 


Scaling  Technique 

An  error  scaling  technique  that  allov.'s 
the  attitude  control  system  to  be  simulated 
by  using  representative  hardware  is  reviewed 
in  this  paper.  The  technique  will  be  used  to 
evaluate  the  performance  of  control  systems 
suitable  for  a 1 20-inch-diameter  telescope.  Be- 
cause of  the  large  moments  of  inertia  about 
the  axes  of  the  telescope  and  because  of  the 
stringent  pointing  requirements  and  the  small 
disturbance  torques  exerted  upon  the  tele- 
scope, scaling  techniques  are  required  for  ^e 
simulation  where  the  to:que-to-inertia  ratio  is 
not  maintained. 

Figure  17  is  a simplified  block  diagram 
of  the  telescope  control  system  that  incor- 
porates a single-axis,  twin-rotor,  control 
moment  gyro  as  the  momentum  exchange  de- 
vice. A disturbance  torque  is  acting  on  the 
vehicle  and  is  causing  changes  in  both  body 
rate  and  body  attitude.  A star  sensor  will 
detect  changes  of  the  star  image  caused  by  the 
disturbance  torque.  The  output  fiom  the 
CMC  is  a control  torque  that  is  equal  and 
opposite  to  the  distu.bance  torque. 


Figure  17.  Block  <Bagram  of  veMcle  control  system. 

The  b*'‘  ck  diagram  in  figure  18  is  the 
control  system  that  incorporates  the  scaling 
technique  developed  at  Langley.  In  this 
method,  the  torque-to-inertia  ratio  has  been 
changed  because  the  disturbance  torque  is 
decreased  byv^and  the  body  inertia  is  scaled 
by  K.Thus,  both  the  rate  and  position  have 
been  increased  by\/iT  The  value  ofV^  is 
chosen  so  that  the  disturbance  torque  remains 
above  the  noise  sources  in  the  airbearing,  and 
the  telescope  position-pointing  accuracy  is 
above  the  noise  level  caused  by  the  air  cur- 
rents in  the  room. 

It  is  important  that  the  star  sensor  see 
unsealed  star  image  motions  so  that  actual 
hardware  may  be  used.  This  can  be  accom- 
plished by  optical  scaling  techniques,  where 
the  focal  Iengr.h  of  the  optical  system  is 
decreased  byv^  The  gain  change  is  repre- 
sented by  the  box  irs  front  of  the  star  sensor. 
The  angular  momently  of  the  gyro  rotor  has 
been  decreased  byVK  to  compensate  for  the 
increase  in  body  rates.  Ihe  inputs  to  the  CMG 


Figure  18.  Block  dkgram  of  scaled  vehkie  control 
system 
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have  not  been  scaled;  thus,  both  the  gimbal 
angle  and  gimbal  rates  are  realistic.  The  con- 
trol torque  from  the  CMG  is  decreased  byVlC, 
which  is  the  same  scale  factor  used  for  the 
disturbance  torque.  In  this  scaling  method, 
the  dynamic  response  is  exactly  the  same  as  in 
the  unsealed  case  because  system  time  con- 
stants and  both  open-  and  closed-loop  fre- 
quency response  remain  unchanged.  Since  the 
gimbal  angle,  gimbal  rates,  and  inputs  to  the 
CMG  gimbal  remain  unsealed,  it  is  pof^ble  to 
use  flight  hardware  in  this  simulation. 

In  a vehicle-control  simulation  of  a 
proposed  telescope  control  system  now  in 


progress  at  Langley,  a value  of  Kwas  chosen 
so  that  the  vehicle  moment  of  inertia  was 
scaled  from  approximately  10^  slug-ft^  to  a 
value  of  30  slug-ft* . This  was  easily  achieved 
on  the  simulator  used  in  the  test.  The  vehicle 
position  was  scaled  from  0.01  arc  second  to  a 
irore  easily  detected  10  arc  seconds  of 
pointing  accuracy. 

Some  typical  results  of  the  scaled  model 
are  shown  in  figure  19.  A step  disturbance 
torque  of  O.OS  foot-pound  was  applied  to  the 
telescope.  The  steady-state  vehicle-position 
error  is  shown  to  be  less  than  10  arc  seconds, 
which  is  equivalent  to  0.01  arc  second  in  the 
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Figure  19.  ExperimentiU  remits  of  scaled  model. 
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unsealed  case.  The  telescope  rate  is  approxi- 
mately 5 arc  seconds  per  second.  The  gimbal 
rate  is  constant  at  approximately  0.4  degree 
per  second.  For  this  gimbal  rate,  the  control 
moment  gyro  generates  a control  torque  of 
magnitude  equal  to  the  disturbance  torque. 

Concluding  Remarks 

Four  subjects  concerned  with  the  stabi- 
lization and  fine  pointing  of  laige  orbiting 
telescopes  have  been  presented  in  this  paper. 
Future  plans  can  be  summarized  with  the  aid 
of  figure  20. 

A simulation  will  be  made  incorporating 
the  components  ana  scaling  techniques  dis- 
cussed. There  will  be  two  control  modes:  a 
coarse-pointing  mode  and  a fine-pointing 
mode.  The  coarse-pointing  sensor  will  provide 
attitude  information  to  the  control  moment 
gyro  through  a digital  computer.  The  control 
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Figure  20.  Block  diagram  for  future  control  system. 


moment  gyro  has  been  selected  to  prove  the 
concepts  developed  and  to  provide  the  neces- 
sary control  torque  to  maintain  the  position 
of  the  telescope  structure  within  2 arc 
seconds.  The  telescope  structure  is  the  air- 
bearing in  the  simulation.  The  fine-pointing 
control  system  will  maintain  all  star  images 
within  the  field-of-view  stabilized  on  the  focal 
plane  within  0.01  arc  second.  The  fine- 
pointing  system  includes  the  image  motion 
compensator  and  the  digital  pointing  sensor. 

By  virtue  of  the  development  of  the  fine- 
pointing  sensor  and  optical  image-stabilization 
tech-iques,  it  has  been  shown  that  it  is 
possible  to  obtain  the  resolution  necessary  to 
provide  attitude  information  to  control  a 
large  orbiting  telescope  to  better  than  its 
diffraction  limit.  Hopefully,  the  airbearing 
simulation  will  demonstrate  this  concept  of 
pointing  the  telescope  to  the  required 
accuracy. 
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The  Requirements,  Design,  and  Manufacture 
of  Optical  Gratings  for  Space  Telescopes 


John  Strong 

University  of  Massachusetts 
Abstract 

Various  approaches  for  the  fabrication  of  large  gratings  suitable  for  astronomical 
instrumentation  were  discussed. 

The  suitability  of  replica  gratings  for  the  vacuum  ultraviolet  is  still  inadequately  known 
for  long-term  satellite  use. 

Two  transmission  objective  gratings  as  large  as  18  inches  on  a side  have  been  made  by 
evaporative  techniques  with  300  lines  per  inch  for  spectra  centered  at  4800  angstroms. 

Ruled  or  etched  grids  are  useful  in  a number  of  ways.  By  adjusting  the  grid  Una  spacing 
over  the  grid  area,  diffraction  can  be  controlled  in  such  a way  as  to  either  focus  incident 
radiation  or  correct  for  off-axis  aberrations.  Grids  made  by  use  of  specially  ruled  gratings  are 
used  in  the  manufacture  of  special  purpose  photocathodes.  Specially  ruled  grids  also  are 
used  as  spatial  discriminators  in  the  focal  plane  of  instruments,  such  as  multi-slits  in  a 
spectrometer,  or  as  pattern  comparators  for  optica!  alignment  and  performance. 

Methods  of  manufacture  of  gratings  and  grids  are  diverse,  ranging  from  mechanical 
ruling  engines  to  holographic  techniques.  Mechanical  ruling  of  optical  gratings  uses  a shaped 
diamond,  which  is  drawn  across  a softer  surface  material  such  as  evapomted  aluminum. 
Diamond  wear  limits  the  total  coherent  ruling  length  achievable.  Newer  techniques  that  have 
been  tested  include  ion-beam  etching,  chemical  etching,  and  evaporative  deposition. 

Suitab’y  stable  optical  surfaces  for  grating  substrates  is  a particular  technology  problem 
deserving  more  attention.  Large,  single,  strain-relieved  plates  for  reflective  gratings  are 
extremely  difficult  to  achieve.  Optical  surface  preparation  by  figuring  and  polishing  needs  to 
be  better  understood.  Present  flieories  of  polishing  are  inadequate.  For  the  far  ultraviolet 
spectral  region,  large,  strong,  transparent  Aims  are  needed  for  the  substrate. 
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The  Requirements,  Design,  and  Manufacture  of  Optical 
Filters  for  Astronomical  Space  Telescopes 

Daniel  J.  Schroeder 
Beloit  College 


The  cunent  technology  of  optical  filters 
suitable  for  space  telescope  applications  and 
suggested  directions  for  future  development 
are  the  subjects  of  this  re{XHt.  The  emplusis  is 
on  the  ultraviolet  down  to  1000  angstroms; 
although  the  far  infrared  is  considered  briefly. 
A brief  discussion  of  the  various  types  of 
filters  and  their  characteristics,  and  the 
availability  of  suitable  materials,  is  given.  The 
discussion  is  limited  to  the  interference  type 
of  filters  capaUe  of  providing  a spectral 
resolution  of  one  to  ten  percent  of  the  peak 
wavelength  of  the  passband.  Except  for 
special  situations,  greater  resolution  can  be 
attained  more  easily  with  gratings. 

Types  of  Ultraviolet  Filters 

There  are  a number  of  ^possibilities  to 
consider  for  filters  in  the  ultraviolet.  There 
are  the  Fabry-Perot  interference  type  of 
transmkrfon  filters  using  semitransparent 
metal  films,  as  described  by  Schroeder 
(ref.  1),  by  Bates  and  Bradley  (refs.  2 and  3), 
and  Ha^on  (ref.  4),  to  provide  passbands  for 
wavelengths  as  short  as  1300  angstroms.  For 
wavelengths  shorter  than  4(XX)  angstroms, 
aluminum  is  the  best  metal  for  I’lis  filter 
variety.  All^electric  interference  filters  have 
been  made  for  wavelengths  as  short  as  2400 
angstroms.  In  this  type  of  filter,  the  metal 
films  are  replaced  by  dielectric  stacks 
consisting  of  alternate  layers  of  high-  and 
low-index  transparent  materials.  In  the  visible 
and  infrared,  there  are  a variety  of  materials 
suitaUe  for  use  in  these  stacl^  but  in  the 
ultraviolet  there  are  few  suitaMe  materials, 
particularly  of  higls-index  (ref.  S).  A summary 
of  some  of  the  propoties  of  suitable  ultra- 


violet materials  is  shown  in  table  1.  The 
properties  of  bandpass  filters  with  a single 
metal  layer,  caUed  induced  transmission 
filters,  have  been  studied  by  various  inves- 
tigators (refs.  6 and  7)  fui  wavelengths  as 
short  as  26(X)  angstroms.  The  films  on  eitlier 
side  of  the  metal  film  can  be  either  all- 
dielectric  stacks  or  combinations  of  metal  and 
dielectric  layers.  In  either  case,  the  bandpass 
characteristics  are  somewhat  superior  to  those 
of  the  conventional  Fabry-Perot  interference 
filter.  In  the  ultraviolet,  aluminum  is  the  most 
suitable  metal  for  these  types  of  filters.  For 
wavelengths  shorter  than  1000  angstroms, 
interference  transmission  filters  of  the  type 
outlined  above  are  not  feasible  at  present 
because  of  the  lack  of  materials.  For  this 
spectral  range,  unsupported  metal  films  have 
b'jen  used  as  broadband  filters,  primarily  to 
discriminate  against  long-wavelength  radiation 
(ref.  8). 

In  addition  to  these  various  types  of 
transmission  filters,  there  are  also  examples  of 
broadband  reflectance  filters  that  can  help  in 
shaping  overall  bandpasses.  A recent  example 
of  such  a filter  wit^  high  reflectance  in  the 
2000-angstrom  region  was  reported  by 
Osantowski  and  Toft  (ref.  9). 

Properties  of  Filters 

Let  us  consider  in  more  detail  the 
properties  of  each  of  the  filter  types  men- 
tioned and  discuss  what  has  been  attained  in 
the  ultraviolet. 

A schematic  of  & Fabry-Perot  type  of 
filtei  with  two  highly  reflecting,  semitrans- 
parent films  separated  by  a dielectric  film  is 
shown  in  figure  1.  The  first-order  transmission 
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. i \ t - ^ ' Tabkl.  Dielectri<:  Materials  for  Tfdn  Films 


Substance 

Index 
(Na  D) 

1 

Absorptiol 

Onset 

(A) 

Comments 

Sb^  O3 

1.85 

3200 

'Uite  suitable  as  high-index 
material  in  near  ultraviolet 

CaFj 

1.3- 1.4 

1200 

Csl 

2.0(0.25#i) 

2500 

Hygroscopic,  requires 
protection 

CsBr 

1.8(0.23ri) 

2300 

Hygroscopic,  requires 
prote>;tion 

UFa 

1.6 

2200 

Stable  and  usable  well  into 
ultraviolet 

UF 

1.35-1.4 

1000 

Suitable  into  far  ultraviolet 

MgF, 

1.35-1.4 

1200 

Very  suitable  into  far  ultraviolet 

NdFj 

1.6 

2200 

ZnS 

2.3-2.4 

4000 

Used  in  reflectance  coatinp 
in  far  ultraviolet 

PbF, 

2.1(0.25/;) 

2400 

band  is  centered  at  that  wavelength,  Xq,  for 
which  thj  dielectric  spacer  has  an  optical 
thickness  of  \J2.  Higher  order  transmiasion 
bands  are  centered  at  wavelengths 
where  m is  the  order  number.  An  analysis  of 
the  transmission  properties  of  such  a filter 
leads  to  the  well-known  Airy  formula 
(ref.  1 0)  plotted  in  figure  2 for  various  values 
of  reflectance,  R,  as  a function  of  wavelength. 
In  figure  2,  it  is  assumed  that  the  absorption, 
A,  of  the  films,  B|  and  B] , is  zero.  Analyst 
of  these  results  shows  that,  as  R increases. 
(1)  the  bandwidth  (spectral  width  at  the  half- 
intensity value)  decreases,  and  (2)  the  con- 
trast (maximum  transmittance/minimum 
transmittanoe)  increases.  If  there  is  aba  option 
in  the  films,  the  peak  transnussion  of  the 


filter  is  decreased  although  the  general  shape 
of  the  transmission  curve  is  unaffected 
(ref.  10).  In  practice  there  is  generally  a trade- 
off between  bandwidth  and  peak  trans- 
mittance. 

As  previously  noted,  each  of  the  reflec- 
ting films  is  generally  one  of  the  following 
types:  (1)  a semitranqMrent  met'v'  film,  silver 
in  the  visible  and  ahi^num  in  the  ultravirdet 
cr  (2)  a stack  of  dielectric  layers,  alternately 
high-  and  lovwindex  of  refraction,  each  of 
which  has  an  optical  fiiickness  of  Xq/4,  as 
shown  in  figure  3.  The  main  pioblem  in  fabii- 
cating  a dielectri''  stack  for  the  ultravkdet  is 
hi  die  choice  of  materials.  From  the  tiear 
uluaviolet  to  well  into  the  infrared  (about  20 
nicrons)  there  are  dielectiics  with  negligible 


OPnCAL  FILTERS  FOR  ASTRONOMICAL  SPACE  TELESCOPES  4g9 


absorption  that  can  be  evaporated  to  form 
these  ali-dielectric  interference  (ADI)  stacks. 
Below  3000  angstroms,  however,  with  the 
exception  of  lead  fluoride,  there  are  no  non- 
absorbing high-index  matenals  that  are  at  the 
same  time  insensitive  to  normal  handling,  as 
shown  in  table  1.  Because  the  short- 
wavelength  limit  of  lead  f.uoiide  is  about 
2400  anptroms,  it  is  necessary  to  use  semi- 
tranq>arent  aluminum  Aims  to  provide  high 
reflectance  at  shorter  wavelengths. 
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Figure  1.  Schematic  diagram  of  interference  filter. 
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ZnS  ond  cryolite  ore  typical  high  and  low 
index  moteriols,  respectively. 

figure  3.  Typkdl  alFdieiectric  interference  filter. 

MDM  Filter  Versus  ADI  Filter 

A comparison  of  a metal-dielectric-metal 
(MDM)  filter  and  an  ADI  Alter  is  shown  in 
figure  4.  The  number  preceding  the  filter  type 
is  the  total  number  of  layers  ic  the  filter.  The 
transmission  curves  of  these  filtors  were  com- 
puted using  the  measured  optical  constants  of 
the  layer  materials,  including  absorption  and 
dispersion  (ref.  1).  Each  of  the  aluminum 
films  is  200  angst  oms  thick- 
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refieetMtIet,  R.  Ituerferenee  filters. 
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An  ADI  filter  has  the  advantages  of 
narrow  bandwidth  and  high  peak  transmission 
but  the  disadvantage  of  high-transmission 
sidebands  on  either  side  of  the  peak.  This  is  a 
consequence  of  an  ADI  stack  having  a high 
reflectance  over  a relatively  small  spectral 
range  (normally  a few  hundred  angstroms) 
centered  on  the  peak  wavelength.  Eliniination 
of  the  long-wave  sideband  in  an  ADI  Filter  is 
difficult  although  the  short-wave  sideband  is 
easily  eliminated  by  proper  choice  of  sub- 
strate material. 

The  MDM  filter,  by  comparison,  has  a 
larger  bandwidth  with  a lower  peak  trans- 
mission, a consequence  of  the  metallic 
absorption.  It  has  the  advantage,  however, 
that  the  aluminum  has  high  reflectance  at 
longer  wavelengths  and  hence  the  filter  is  self- 
blocking (no  long-wave  sidebands).  A typical 
ADI  filter  of  the  type  shown  has  a first-order 
bandwidth  of  one  two  percent  of  the  peak 
wavelength,  depending  on  the  number  of 
layers,  with  a peak  transmission  of  greater 
than  0.60.  A typical  3MDM  filter  with 
aluminum  films  has  a first-order  bandwidth  of 
about  8 to  10  percent  of  the  peak  wavelength 
for  a peak  transmission  of  0.25-0.30  (ref.  1). 
The  bandwidth  of  an  MDM  filter  can  be 
decreased  by  using  a thicker  spacer  layer  and 
a higher  order  of  interference;  this,  however, 
is  at  the  expense  of  long-wave  blocking 
because  transmission  peaks  would  be  present 
at  longer  wavelengths. 

Hence,  for  wavelengths  longer  than  2400 
angstroms,  either  MDM  or  ADI  filters  can  be 
made  with  a transmission  peak  at  a specified 
wavelength,  provided  that  auxiliary  blocking 
is  used  with  the  ADI  type.  For  shorter  wave- 
lengths, MDM  filters  must  be  used  because 
there  are  no  suitable  high-index  dielectrics, 
needed  to  make  the  ADI  st'icks. 

Examination  of  the  optical  properties  of 
aluminum  suggests  that  MDM  filters  are 
feasible  to  1500  angstroms  and  possibly  to 
1200  angstroms.  Because,  however,  of  the 
decreasing  reflectance  of  aluminum  toward 
shorter  wavelengths  and  because  of  the 
increasing  absorption,  it  is  found  that  the 
first-order  bandwidths  are  larger  for  shorter 
wavelengths.  At  a peak  transmission  of  0,25 


at  1300  angstroms,  the  computed  bandwidth 
is  about  3''0  angstroms  (20  to  25  percent  of 
the  peak  wavelength),  a value  in  reasonable 
agreement  with  experiment  (ref.  4). 

Multiple  Stack  Filters 

Although  the  results  to  date  indicate 
that  3 MDM  filters  are  feasible  in  the  far  ultra- 
violet, their  usefulness  is  limited  because  of 
the  long  transmission  “wing”  on  the  main 
transmission  peak.  Attempts  to  obtain  filters 
with  greatly  suppressed  wings,  and  more 
nearly  rectangular  bandpasses,  have  resulted 
in  improved  transmission  characteristics. 
Beming  and  Turner  (ref.  6)  showed  that 
filters  of  the  form  metal-spacer-metal-spacer- 
metal  (5MDM)  have  these  superior  character- 
istics, with  silver  used  as  the  metal.  The  center 
metal  film  in  such  a filter  has  twice  the  thick- 
ness as  either  of  the  outer  films  for  best 
results. 

Schroeder  (ref.  1)  investigated  the 
properties  of  these  multiple  stack  filters  of 
the  5 MDM  variety  with  aluminum  as  the 
metal.  Calculation  and  experiment  give  the 
following  results:  (1)  Given  the  same  peak 
transmission  as  a 3MDM  filter,  the  bandwidth 
of  a 5MDM  filter  is  essentially  the  same  as 
that  of  the  3MDM  filter;  (2)  The  transmission 
wings  are  considerably  suppressed.  A 5MDM 
filter  with  its  transmission  peak  at  2500 
angstroms  has  about  20  times  less  trans- 
mission at  4000  rngstroms  than  a 3MDM 
filter  (ref.  1).  Figure  5 shows  computed  trans- 
mission curves  on  a semilog  plot  for  these  two 
types.  Independent  of  the  peak  wavelength, 
the  relative  shapes  of  tliese  two  curves  are 
generally  as  shown  (ref.  1).  Figured  shows 
measured  transmission  curves  of  two  5MDM 
filters  and  the  long-wave  wing  of  a 3MDM 
filter  whose  transmission  peak  is  near  2200 
angstroms.  The  increased  wing  suppression  is 
evident.  Shown  in  figure  7 are  the  same  curves 
on  a linear  plot  (ref.  1). 

In  addition  to  wing  suppression,  it  is 
possible  to  decrease  the  bandwidth  of  a 
SMDM  filter  if  one  of  the  spacers  is  of  first- 
order  thickness  and  the  other  spacer  is  of 
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second-order  thickness  for  the  same  wave- 
length. Computed  characteristics  of  such  a 
filter  are  shown  in  figure  8 for  a peak  wave- 
length of  2200  angstroms.  Although  there  is 
now  a long-wavelength  peak  at  twice  this 
wavelength,  its  peak  transmission  is  down 
about  a factor  of  100  as  compared  to  the 
main  peak.  Since  the  bandwidth  is  inversely 
proportional  to  the  order  number,  band- 
‘ widths  of  about  five  percent  of  the  peak 
wavelength  are  possible  with  a combined  first- 
and  second-order  filter  of  this  type. 
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Stack.  In  such  a design,  the  dielectric  stack 
essentially  replaces  the  outer  metal  films  of 
the  5MDM  type.  This  type  of  single  metal 
layer  (IM)  filter  is  essentially  a metal  film  anti- 
reflected on  both  sides  by  dielectric  stacks. 
Such  a IM  filter  can  have  a narrower  first- 
order  bandwidth  than  an  MDM  filter  and  a 
higher  peak  transmission.  At  the  same  time, 
the  filter  is  self-blocking  at  longer  wavelengths 
because  of  the  metal  film  although  not  as 
effective  as  with  a 5MDM  filter. 

An  example  of  an  ultraviolet  IM  filter  is 
one  designed  by  Baumeister,  Costich,  and 
Keper  (ref.  7)  with  a transmission  peak  at 
2600  angstroms.  Using  thorium  fluoride  and 
cryolite  as  high-  and  low-index  materials, 
respectively,  they  made  a filter  with  a peak 
transmission  of  0.55  and  a bandwidth  of  65 
angstroms  (2.5  percent  of  the  peak  wave- 
length). With  lead  fluoride  in  place  of  thorium 
fluoride  and  with  a thicker  aluminum  film, 
they  obtained  a IM  filter  with  a peak  trans- 
mission of  0.20  and  a bandwidth  of  55 
angstroms  at  the  same  peak  wavelength 
(ref.  7).  Both  filters  had  a ratio  of  peak  trans- 
mission to  transmission  at  longer  wavelengths 
of  better  than  10  to  1.  The  designers  con- 
cluded that  with  two  such  filters  in  series  it  is 
possible  to  obtain  a peak  transmission  of  0.25 
and  a rejection  at  all  other  wavelengths  away 
from  the  peak  of  better  than  100  to  1 (ref.  7). 
Filters  of  this  type  require  transparent  high- 
and  low-index  materials  and  at  the  present 
time  can  be  made  only  for  wavelengths  longer 
than  2400  angstroms.  The  5MDM  filters,  on 
the  other  hand,  require  only  a single  low- 
index  dielectric  and  are  suitable  for  shorter 
wavelengths. 

Double  Half-Wave  System 

Another  type  of  filter  with  better  band- 
pass characteristics  than  the  conventional  ADI 
filter  is  the  double  half-wave  (DHW)  system 
first  investigated  by  Smith  (ref.  11).  Such  a 
filter  has  the  following  design:  dielectric 
stack,  spacer,  dielectric  stack,  spacer,  dielec- 
tric stack.  A filter  of  this  type  has  a more 
rectangular  bandpass  than  an  ADI  filter  and, 
depending  on  the  particular  arrangement  of 


the  layers,  either  a single  or  double  trans- 
mission peak.  As  with  an  ADI  filter,  there  is, 
however,  the  problem  of  transmission  side- 
bands. To  my  knowledge,  there  have  been  no 
reports  of  filters  of  this  type  in  the  near  ultra- 
violet although  they  should  be  feasible  to  the 
transmission  limit  of  lead  fluoride. 

Broadband  Reflectance  Filters 

Recent  work  on  broadband  reflectance 
filters  for  the  ultraviolet  has  been  reported 
(ref.  9).  In  place  of  the  usual  dielectric- 
protected  aluminum-coated  mirror  (ref.  1 2),  a 
film  combination  having  a selective  spectral 
reflectivity  is  i’  The  design  is  substrate, 
opaque  metal,  d.  iectric,  semitransparent 
metal  with  aluminum  and  magnesium  fluoride 
as  the  materials.  Reflectance  filters  with  high 
peak  reflectance  in  the  2000-angstrom  range 
have  been  made  (ref.  9).  These  filters  could  be 
used  to  discriminate  against  unwanted  trans- 
mission filter  sidebands.  It  is  also  possible  that 
two  different  reflectance  filters  in  series  could 
provide  an  adequate  passband  without  any 
additional  transmission  filters.  For  example,  a 
filter  with  a first-order  reflection  peak  at 
some  ultraviolet  wavelength  in  series  with  a 
filter  having  a second-order  reflection  peak  at 
the  same  wavelength  could  be  considered. 

Filters  for  Infrared  Region 

The  infrared  spectral  region  from  1 to  20 
microns  has  barely  been  mentioned  in  the 
preceding  discussion.  In  this  range,  most  of 
the  filter  types  considered  can  be  and  have 
been  made.  Transmission  filters  of  the  ADI  or 
DHW  variety  with  bandwidths  of  one  to  ten 
percent  of  the  peak  wavelength  and  good 
peak  transmission  are  commercially  available. 
This  is  a result  of  the  availability  of  trans- 
parent high-index  materials  that  can  be  de- 
posited by  vacuum  deposition.  At  still  longer 
wavelengths,  there  are  problems  because  of 
mechanical  stresses  in  the  thick,  evaporated 
layers. 

Neugebauer  (ref.  13)  has  suggested  that 
the  infrared  beyond  50  microns  is  of  partic- 
ular interest  to  astronomers.  Although  the 
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basic  principles  of  in terfeience- filter  design 
remain  the  same,  the  techniques  by  which 
filters  are  made  are  quite  different.  For  wave- 
lengths from  50  microns  to  0.3  millimeters, 
Ulrich  (ref.  14)  has  made  bandpass,  low-pass, 
and  high-pass  filters  by  spacing  metal  grids  by 
mechanical  means.  Because  of  the  construc- 
tion method,  the  shorter  wavelength  filters 
within  this  range  are  more  difficult  to  make. 
It  is  worth  noting  that  multiple  stacks  of 
metal  grids  give  better  bandpass  character- 
istics than  a simple  Fabry-Perot  type  of 
arrangement  in  the  same  way  that  a 5MDM 
filter  in  the  ultraviolet  is  better  than  a 3MDM 
filter.  For  these  filters,  both  the  fabrication 
techniques  and  the  best  forms  for  the  metal 
grids  are  under  investigation  (ref.  14). 

Future  Development 

There  are  several  directions  for  future 
development  in  the  design  and  manufacture 
of  ultraviolet  filters.  It  is  well-known  that  the 
highest  reflectance  film  in  the  lOOO-to-2000- 
angstrom  range  is  rapidly  deposited  aluminum 
that  is  overcoated  with  magnesium  fluoride 
(ref.  12).  The  rapid  deposition  in  a system  at 
1(T*  ton  and  the  overcoat  are  necessary  to 
prevent  the  formation  of  a thin  oxide  film, 
which  r'*'*  ces  the  reflectance  in  this  range.  In 
the  manufacture  of  MDM  filters,  rapid  depo- 
sition of  aluminum  films  of  controlled  thick- 
ness requires  automatic  monitoring  control 
(ref.  3).  It  is  likely  that  oxide-free  aluminum 
films  can  be  produced  at  slower  deposition 
rates  if  the  evaporation  chamber  pressure  is 
KT'^  ton  or  lower.  If  experimentation  shows 
that  this  is  the  case,  the  thickness  control  of 
the  aluminum  films  becomes  less  difficult. 
Further  development  is  needed  along  these 
lines. 

Continued  investigation  of  the  properties 
of  multiple  stack  filters  in  the  1200-tol800- 
anptrom  range  is  needed,  such  as  on  SMDM 
filters  having  different  combinations  of  trans- 
mission orders.  With  the  evaporation  and 


control  conditions  as  noted  above,  the  prop- 
erties of  7MDM  filters  should  be  investigated 
Calculations  suggest  that  such  a filter  has  the 
same  general  bandpass  shape  as  a SMDM  filter 
but  with  still  greater  suppression  of  the  wings 
near  the  transmission  peak. 

ADI  or  DHW  fUters  are  possibilities  at 
wavelengths  shorter  than  2400  angstroms 
only  if  some  one  high-index,  dielectric  mate- 
rial transparent  to  shorter  wavelengths  b 
found.  Systematic  investigations  (ref.  5)  have 
thus  far  uncovered  no  such  suitable  material. 
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Introduction 

Most  of  the  satellites  orbited  from  the 
Kennedy  Space  Center  (KSC)  at  Cape 
Kennedy,  Florida,  go  into  30-degree- 
inclination  orbits  because  the  location  of  KSC 
at  approximately  30  degrees  north  latitude 
makes  this  the  most  energetically  acceptable 
orbit.  With  the  planning  of  long-duration 
manned  flights,  such  as  the  Orbital  Workshop 
mission,  there  has  been  some  interest  in  the 
charged-particle  dose  rate  expected  in  these 
low  orbits  for  men  and  for  radiation-sensitive 
materials  such  as  photographic  film. 

Charged  Fhrticle  Sources 

There  are  three  sources  of  charged 
particles  in  these  low  altitude  orbits:  cosmic 
rays,  solar-flare  proton  events,  and  trapped 
Van  Allen  radiation-belt  particles.  The 
cosmic-ray  dose  rate  is  at  most  periiaps  one  or 
two  rads  per  year  at  low  latitudes  and  alti- 
tudes. (A  rad  corresponds  to  the  deposition  of 
100  ergs  of  energy  p(ir  ^m  of  material.) 
Solar -flare  proton  events  are  fairly  infrequent 
occurrences,  and  the  earth’s  magnetic  field 
provides  fairly  good  shielding  for  low-altitude, 
lowincUnation  orbits  against  even  the  large 
ones.  Most  of  the  charged  particle  dose 
received  in  these  orbits,  therefore,  will  be  due 
to  trapped  Van-Allen-belt  electrons  and 
protons.  The  proton  component  of  the  lower 
part  of  the  belt  is  fairly  iitable  in  time,  but  the 
electron  component  has  been  decreasing  in 
intensity  ever  since  the  artificial  increase 
induced  by  the  Starfish  explosion  in  1962. 
Calculations,  using  a projected  1968  environ- 


ment determined  by  Vette*,  show  that 
protons  will  be  the  predominant  dose- 
inducing  particles  at  that  time.  Figure  1 shows 
a comparison  of  dose  rates  expected  in  1 968 
for  protons  and  proton-produced  secondary 
neutrons  and  protons,  from  electrons,  and 
from  electron-produced  bremsstrahlung.  The 
proton  and  electron  integral  energy  spectra 
used  in  calculating  these  dose  rates  are  shown 
in  figures  2 and  3.  (It  should  be  pointed  out 
that  the  proton  environment  is  uncertain  by  a 
factor  of  two  and  the  electron  environment 
by  a factor  of  four.) 

Spatial  Distribution  of  Protons 

The  spatial  distribution  of  the  Van  Allen 
protons  is  determined  by  the  earth’s  magnetic 
field.  A distortion  of  the  field  over  the  South 
Atlantic,  known  as  the  South  Atlantic 
Anomaly,  results  in  a dip  in  the  radiation 
belts  to  fairly  low  altitudes.  It  can  be  seen 
from  the  isoflux  plot  for  protons  over  the 
South  Atlantic  (fig.  4)  that  the  30-degree- 
inclination  orbits  pass  very  near  the  peak  of 
the  anomaly.  Both  higher  and  lower  incli- 
nation orbits  are  exposed  to  lower  proton 
fluxes.  Figure  S shows  dose  rates  as  a function 
of  shield  thickness  for  several  orbital  incli- 
nations in  circular  orbits  at  an  altitude  of 
240  nautical  miles.  Large  reductions  in  dose 
rate  can  be  achieved  if  low  inclination  orbits 
are  used. 


*Vette,  J.I.,  et  al.:  Models  of  the  Trapped  Radi- 
ation Environment,  Vols.  1*3,  NASA  SP-3024 
(1966, 1967). 
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A COMPARISON  OF  PROTON.  CUCCTRON.  AND 
BREMSTRAHLUNG  OOSE  RATES 

Ftgfm  1,  Comparison  of  proton,  electron,  and 
bremsstrahlung  dose  rates. 


Another  way  of  avoiding  the  high  fluxes 
in  the  anomaly  is  to  go  to  lower  altitudes. 
Protons  that  mirror  in  the  upper  atmosphere 
are  soon  removed  from  the  radiation  belts  so 
that,  around  an  altitude  of  1 50  nautical  miles, 
the  radiation  belts  have  practically  disap- 
peared. The  dose  rate  in  30-degree-inclination 
orbits  as  a function  of  altitude  for  several 
shield  thicknesses  is  graphed  in  figured. 
Figure  7 shows  the  variation  of  proton  flux  as 
a function  of  time  in  a typical  orbit.  Each  one 
of  the  spikes  on  the  curve  corresponds  to  a 
passage  through  the  anomaly.  It  is  obvious 
that  the  greater  part  of  the  radiation  dose  will 
be  received  during  these  passes.  Note  that 
there  are  fairly  long  periods  of  time  with  no 
anomaly  passages.  It  would  be  preferable  to 


THE  PROTON  II.TE6RAL  ENERGY  SPECTRUM 

ftpare  Z The  proton  intepal  energy  spectrum. 


THE  ELECTRON  INTEGRAL  ENERGY  SPECTRUM 

Figure  X The  electron  intepai  energy  spectrum. 


plan  extravehicular  activities  so  that  they 
occur  during  these  periods.  The  dose  rate  at 
the  peak  of  the  anomaly  is  compared  in 
figure  8 with  the  dose  rate  averaged  over 
several  orbits. 

Conclusions 

All  dose  rates  shown  are  point  doses 
calculated  for  the  center  of  a spherical 
aluminum  sheU  whose  thickness  is  given  in 
g/cm^  units.  (The  thickness  iit  centimeters 
can  be  obtained  by  dividing  the  thickness  in 
g/cm^  by  the  material  density.)  This  geom- 
etry was  chosen  because  the  calculation  is 


fairly  simple  and  because  the  results  obtained 
give  some  idea  of  dose  rates  to  be  expected  in 
more  complex  geometries. 

One  important  geometrical  factor  that 
should  be  considered  in  predicting  the  dose 
rate  expected  for  men  is  the  self-shielding 
provided  by  the  body.  A pouit  on  the  chest 
has  good  shielding  from  radiation  of  about 
180  degrees  in  space.  The  dose  rates  expected 
in  30-degree-inclination  low-altitude  orbits 
behind  the  usual  shielding  provided  by  the 
spacecraft  (thickness  ^ 1 g/cm^)  will  not  be 
dMgerous  for  men  if  the  mission  is  not  too 
extended  (beyond  several  months).  Table  1 
gives  the  dose  limits  set  for  astronauts  by  the 
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Figure  5.  Proton  dote  rate  as  a function  of  shMd 
thickness  for  several  orbital  inclinations. 


Figure  & Pvton  dose  rate  as  a function  of  tdtitude 
for  several  shield  thicknesses. 
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*From  Manned  Space  Center  Medical  Office 


Manned  Space  Center  Medical  Office  for 
mission  AS-S03*  If  it  is  assumed  that  the 
spacecraft  has  l.Og/cm^  of  aluminum  shield- 
ing and  if  a correction  is  made  for  self- 
shielding by  dividing  doses  by  a factor  of  two, 
the  expected  skin  dose  for  an  astronaut  on  a 
2-month  mission  is  approximately  12  rads, 
which  is  well  within  the  prescribed  limits. 

Possibly  the  most  easily  damaged  mate- 
rial to  be  carried  into  space  is  the  photo- 
graphic film;  some  is  completely  fogged  by 
doses  of  a few  rads.  Because  there  are  many 
parameters  associated  with  the  exposure  and 
development  of  photographic  film,  no 
common  standard  can  be  establ^ed  for 


* Apollo  Saturn  303;  ApoUo  8 mission. 


Ffgun  & A comparison  of  the  peak  proton  dose  rate 
at  the  certter  of  the  anomafy  with  the  dose  rate 
averaged  over  several  orbitt 


radiation  damage.  The  limits  for  acceptable 
radiation  will  have  to  be  determined  accord- 
ing to  the  specific  apj^cation  of  the  film.  In 
general,  however,  some  radiation  shielding 
must  be  provided  on  long  missions  for  most 
photographic  film,  at  least  while  it  is  in 
storage. 
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Image  Converters  and  Image  Intensifiers 

Martin  Rome 
Weston  Instruments,  Inc. 


I<'‘roduction 

The  subject  of  this  paper  is  limited  to 
tubes  with  radiant  image  outputs  (that  is, 
with  phosphors)  and  therefore  does  not 
include  electronographic  devices.  By  defini* 
tion,  an  image  converter  is  an  image  tube  in 
which  the  input  and  output  are  in  different 
spectral  bands;  for  example,  an  ultraviolet 
input  and  a visible  output.  It  is  implicit  that 
the  photon  flux  at  the  output  is  greater  than 
that  at  the  input.  Thus,  an  image  intensifler  is 
an  image  tube  in  which  the  wavelengths  of 
both  input  and  output  radiation  are  sub- 
stantially the  same.  Its  primary  function  is  to 
provide  intensification  or  gain.  The  discussion 
in  this  paper  will  be  focused  on  the  properties 
of  single-stage  and  multistage  tubes,  such  as 
gain  and  resolution,  and  some  of  the  tube 
elements,  with  particular  emphasis  on  photo- 
cathodes. 

There  are  three  basic  types  of  single- 
stage  image  tubes,  shown  in  figure  1 . 

1.  The  proximity  focus  is  the  simplest 
of  the  three  and,  as  the  name  implies,  depends 
on  plane-paralldl,  phosphor  photocathodes  in 
close  proximity.  Because  both  gain  and  reso- 
lution in  proximity  tubes  are  limited,  this 
type  of  image  tube  is  not  in  general  use  in  the 
sinqile  form  shown  in  figure  I.  It  does  have 
application  in  more  advanced  development 
devices. 

2.  The  electrostatic  inverter  can  tole^ 
ate  a much  higher  voltage  than  the  proximity 
design  and  thus  is  capable  of  higher  gain.  Its 
center  resolution  Is  generaUy  quite  good;  it 
does  not  require  a highly  regulated  power 
supply  and  can  be  used  in  lightweight 
assemblies.  On  the  other  hand,  it  is  subject  to 


off-axis  distortion  and  loss  in  resolution. 
Furthermore,  the  photocathode  and  often  the 
anode  surfaces  are  curved;  this  complicates 
cascading  although  coupling  can  be  accom- 
plished with  fiber  optic  plates. 
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Figure  1,  Single^tage  image  tubes. 


3.  Magnetic  image-tube  assemblies  are 
heavy  because  of  the  magnet  associated  with 
the  ti^be,  and  the  power  supply  must  be  very 
well  stabilized  in  order  to  maintain  focus.  Its 
resolution  capability,  however,  is  very  good, 
and  the  uniformity  of  resolution  across  the 
output  image  can  be  maintained.  The  focal 
siirfaces  are  all  planar,  which  assists  in  cas- 
cading. 

Photocathodes 

PhotocRthodes  can  be  discussed  in  tcims 
of  spectral  response  and  dailc  current. 
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The  photocathode,  which  almost  invari- 
ably is  a semitransparent  type  (the  exceptions 
being  in  the  specialized  reflective  type  of  tubes 
not  shown  here),  determines  such  basic  pa- 
rameters as  spectral  response,  detection 
efflciency,  and  contrast  at  low  light  levels. 
Many  window-photocathode  combinations 
are  possible.  The  spectral  response  curves  of 
some  representotive  combinations  are  shown 
in  flgure  2,  to  which  the  following  refer. 


Figure  2.  Spectral  response  for  sevend  photocathode' 
faceplate  condonations. 

1 . The  curve  labeled  G-08  is  for  image 
converters  with  selective  response  in  the  far 
ultraviolet.  The  photocathode  is  cesium 
iodide  on  a lithium-fluoride  window  sub- 
strate. As  is  the  general  case,  the  spectral 
response  range  is  determined  at  the  short 
wavelength  end  by  the  cutoff  of  the  window 
material,  which  for  lithium  fluoride  is  at  1050 
angstroms.  Because  of  the  large  bandgap 
energy  of  cedum  iodide,  its  long  wavelength 
response  is  limited  to  about  2000  angstroms. 
Selective  far  ultraviolet  photocathodes  are  the 
most  effleient  bandpass  devices  in  this  spec- 
tral region. 

2.  The  solar  blind  surface,  sltown  as 
P-OS,  is  rubidium  telluride  on  sapphire;  it 
coven  the  range  of  1425  angstroms,  the 


cutoff  of  sapphire,  to  3000  angstroms.  As  in 
the  case  of  the  far  ultraviolet  cathode, 
the  peak  quantum  efflciency  is  in  the  order  of 
eight  percent. 

3 The  N-09  curve  of  a bialkali  photo- 
cathode on  magnesium  fluoride  has  a broad- 
band spectral  response  extending  from  the 
magnesium  fluoride  cutoff  at  1130  angstroms 
to  about  6C00  angstroms.  The  peak  quantum 
efflciency  is  of  the  order  of  1 5 percent. 

4.  The  R-01  curve  represents  the 
respon;,e  of  a multialkali  photocathode  on  a 
glass  faceplate,  covering  the  entire  visible 
spectrum  into  the  near  infrared.  The  peak 
quantum  efflciency  is  about  25  peveent. 

Dark  Current 

Each  photocathode  type  has  a character- 
istic dark  current.  For  the  principal  far  ultra- 
violet surfaces,  which,  in  addition  to  cesium 
iodide,  include  potassium  bromide,  copper 
iodide,  and  rubidium  iodide,  the  dark  current 
is  generally  less  than  1 count/si  c/cm^ . 

For  the  cesium-telluride  and  rubidium- 
telluride  solar  blind  photocathodcs,  the  dark- 
current  count  rate  at  room  temperature  is  1 
to  2 counts/sec/cr'* . In  visible  - sensitive 
photocathodcs,  the  dark  current  is  thermionic 
in  nature.  For  the  bialkali  photocathod^,  the 
room  temperature  rate  is  less  than  20  counts/ 
sec/cm^.  In  the  case  of  trialkali  photo- 
cathodes, a single  flgure  for  thermionic  dark 
current  is  inadequate  because  it  varies  so 
widely  between  cathodes  of  the  same  nominal 
composition.  Dark  current  is  a function  of  the 
long  wavelength  response,  which,  in  trialkali 
photocathodes,  is  dependent  upon  the 
method  of  fabrication.  The  variation  in  long 
wavelength  sensitivity  of  trialkali  photo- 
cathodes is  shown  in  flgute  3 for  a group  of 
photosurfaces,  all  having  essentially  ^e  same 
blue  sensitivity.  The  general  shape  of  the 
spectral  response  at  the  cutoff  is  the  same; 
that  is,  the  slope  of  quantum  efficiency  with 
photon  energy  in  electron  volts  is  constant. 

The  long  wavelength  response  of  each 
photosurface  may  be  characterized  by  its 
photoelectric  thrt^old,  which  is  taken  as  the 
wavelength  where  the  quantum  efflciency  is 
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Figure  3.  Long  wavelength  response  for  a variety  of  trialkaH  photocathodes. 


equal  to  lO"*.  These  data  are  shown  in  elec- 
tron volts  for  the  individual  photosurfaces  in 
figure  3.  The  photoelectric  Areshold  covers 
the  range  of  1.309  to  1.498  volts,  which  is 
approximately  equivalent  to  8200  to  9400 
angstroms.  The  room  temperature  dark  cur- 
rent (in  counts/sec/cm*)  for  each  of  the 
photosurfaces  is  plotted  in  figure  4 as  a func- 
tion of  the  photoelectric  threshold  of  the 
surface.  The  strong  dependence  of  dark 
current  on  long  wavelength  cutoff  is  evident; 
the  dark  current  increased  by  more  than  a 
factor  of  ten  for  a decrease  of  less  than  0. 1 
electron  volt  in  photoelectric  threshold. 
Therefore,  trialkali  photocathodes  car.  be  said 
to  have  thermionic-dark-current  count  rates 
up  to  several  thousand  per  second  per  centi- 
meter squa.red  at  20°C  for  surfaces  with  high 
red  response. 

Tiialkali  photocathode  dark  current  is 
dependent  on  red  response  but  not  on  its  blue 
sensitivity;  this  can  be  seen  from  the  curves  of 
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figure  4.  Dark  current  of  trkdkidipiiotocafhodesata 
fiinction  of  photoelectric  threshold  at  2Cf*  C 
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noise  equivalent  input  (figure  5).  The  curves 
are  presented  as  a function  of  wavelength  for 
six  surfaces  (cathode  area  = 5 cm^ ) with  dif- 
ferent photoelectric  thresholds.  For  incident 
radiation  of  4100  angstroms,  the  noise  equiva- 
lent input  for  the  photocathode  with  the  least 
red  response  (Ep  = 1 .480  electron  volts)  is  3 x 
10"*  ’ watt,  a factor  of  five  less  than  that  of 
the  highest  red  response  (Ep  = 1.309  electron 
volts)  surface.  Quite  interestingly  for  incident 
radiation  around  7000  angstroms,  the  noise 
equivalent  input  for  all  six  surfaces  is  nearly 
the  same,  about  5 x 1(T‘*  watt.  Farther  out 
toward  longer  wavelengths,  the  high  red 
response  surfaces  become  the  much  better 
choice;  the  noise  equivalent  inputs  beyond 
8000  angstroms  are  orders  of  magnitude 


lower  than  the  surfaces  with  less  dark  current 
but  reduced  red  sensitivity.  The  conclusion  to 
be  drawn  for  optimum  performance  at  very 
low  light  levels  is  that  a photocathode  with  no 
more  red  response  than  is  required  should  be 
used.  When  working  beyond  7400  angstroms, 
however,  the  greater  the  red  response  the 
better,  for  the  increased  sensitivity  more  than 
makes  up  for  the  noise  of  the  increased  dark 
current. 

Thermionic  dark  current  can  be  reduced 
by  cooling.  Figure  6 shows  dark  current  in 
counts/sec/cm^  for  a trialkali  cathode  as  a 
function  of  temperature.  The  slope  is  con- 
stant above  0°C  with  the  dark  current 
doubling  for  approximately  every  5-degree 
increase.  The  significant  region  is  at  low 


figure  5.  Noise  equivalent  input  at  2(f‘C  as  a function  of  wavJength  for  triglkali  piiotocathodes  vHtii 

different  photoelectric  thresholds. 
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Figure  6.  Anode  dark  current  as  a fiirwtion  of  temperature  for  a tyfdcal  trkdhdi  photocathode. 

(L = counts/seclcm^;  O “ anode  current Icm^ /G) 

temperatures  where  the  dark  current  bottoms 
out;  very  little  improvement  is  found  by 
cooling  much  below  -10*C.  The  leveledH>ff 
dark  current,  which  is  not  thermionic,  is  of 
the  order  of  2 counts/sec/cm^ . 

Phosphors 

The  relative  spectral  energy  emission 
curves  for  some  of  the  more  widely  used 
phosphors  in  imaging  tubes  is  given  in 
figure  7,  to  which  the  following  refer. 

1.  P-16  is  used  only  where  very  rapid 
response  is  required.  Its  efficiency  is  low,  of 
the  order  of  five  percent,  but  its  decay  ume  is 
less  than  0.1  microsecond. 

2.  P-11,  which  is  very  widely  used 
because  of  its  good  spectral  match  to  fifan  and 
most  photosurfaces,  has  a decay  time  of  leas 


FIgiae  7.  Spactrd-enargy  endsshn  charaetertstk  of 
phosphors  Ml,  M6,  and  MO  (JEDEC). 
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than  100  microseconds.  Its  efficiency  is  high; 
intrinsic  efficiencies  of  the  order  of  20 
percent  have  been  reported;  however,  in  fine- 
grain  high-resolution  layers,  the  efficiency  is 
of  the  order  of  1 0 percent  or  less. 

3.  P-20  is  used  primarily  for  direct 
viewing  because  of  its  high  luminous  effi- 
ciency; its  distribution  closely  matches  the 
human  eye  response.  Its  absolute  efficiency  is 
fairly  hi^,  about  15  percent.  A rather  slow 
phosphor,  its  decay  time  is  of  the  order  of  1 
millisecond.  In  all  cases,  phosphor  efficiency 
is  very  much  a function  of  grain  size,  and 
quite  often  efficiency  is  sacrificed  for  reso- 
lution. 

Gain 

Gain  relationships  can  be  examined  in 
terms  of  single-stage  image  tubes  and  cas- 
cading tubes. 

Single-Stage  Image  Tubes 

The  gain  relations  useful  in  astronomical 
applications  of  a single-stage  image  lube  are 
radiant  gain,  Gr,  and  photon  gain,  Gp. 

Gr  = a (Xj)  . V . e 

where  a(Xi)  is  the  photocathode  sensitivity  in 
amperes  per  watt  at  wavelength  Xi.  V is  the 
effective  voltage  and  e is  the  phosphor  effi- 
ciency in  watts  per  watt.  The  phcton  gain  is 
usually  expressed  in  terms  of  photocathode 
quantum  efficiency,  Q(Xi). 


where  Xq  is  the  mean  wavelength  of  the 
phosphor  output 

Still  another  gain  relationship  is  in  terms 
of  flux  density,  which  is  the  ratio  of  radiant 
emittance  to  irradiance.  It  depends  upon 
image  magnification.  Flux  density  gain  is 
simply 


where  m is  the  linear  magnification  of  the 
tube. 

The  radiant  and  photon  gains  for  single- 
stage  image  tubes  with  different  cathodes  at 
different  wavelengths  are  given  in  table  l.The 
typical  values  of  photon  gain  range  from  45 
to  50  in  the  ultraviolet  to  100  or  more  in  the 
visible.  Other  parameters  being  equal,  if  the 
quantum  efficiency  were  constant,  the 
photon  gain  would  be  the  same  throughout 
the  spectrum. 

Table  1.  Radiant  and  Photon  Gain  of  Single-State 
Image  Tubes 


Photocathode 

Gp  (Typical) 

Cesium  Iodide 

1200  A 

8-15 

45 

Rubidium  Telluride 

2000  A 

20-30 

50 

Multialkali 

3000  A 

30-45 

90 

Multialkali 

4000  A 

70-100 

100 

Cascaded  Tubes 

The  gain  of  image  tubes  can  be  increased 
by  cascading;  that  is,  by  coupling  the  output 
of  one  stage  to  the  input  of  the  following 
stage.  In  so  doing,  the  match  between  the 
spectral  response  of  the  phosphor  and  the 
photocathode  of  the  succeeding  stage  enters 
into  the  determination  of  the  resultant  gain 
(fig.  8).'  The  spectral  matching  factor,  M,  is 
the  integral  of  the  product  of  phosphor 
distribution  and  the  photocathode  distri- 
bution P(X)  and  S(X),  respectively.  The  fac- 
tors are  given  for  the  three  phosphors  with 
two  types  of  multialkali  photocathodcs, 
designated  E and  R,  which  differ  somewhat  in 
spectral  response.  P-11  and  P-16,  as  can  be 
seen,  match  well  with  the  photocathodes; 
P-20  is  a somewhat  poorer  match.  Xo>  the 
mean  wavelength  of  emission,  is  given  for  the 
three  phosphor  types. 

The  gain  relationship  for  cascaded  tubes 
is  the  product  of  the  gain  for  the  individual 
stage,  Gr.  the  spectral  matching  factor 
between  stages,  M,  and  the  transmission  of 
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Figure  8.  Spectral  matching  factors  P-11,  P-16,and 

P-20  phosphors. 


the  coupling  material,  t.  (See  fig.  9.)  For 
image  intensifiers  in  which  the  stages  are 
identical,  the  overall  gain 

where  G^  is  the  stage  gain;  riowever,  because 
phosphor  efficiency  varies  with  current 
density,  these  relationships  are  not  universally 
valid.  At  low  current  densities,  c drops.  For 
the  two-stage  cascaded  device,  tlie  range  of 
photon  gain  is  between  500  and  5000.  For 
three  stages,  the  gain  is  from  10*  to  roughly  3 


t 
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Figure  9.  Photon  gain  of  mulHstage  image  tubes. 


X 10®.  For  four-stage  tubes,  gains  of  several 
million  are  feasible. 

Coupling  between  stages  of  electrostatic 
inverter  tubes  is  by  means  of  shaped  fiber- 
optic plates.  For  magnetic  tubes,  because  the 
focal  surfaces  are  planar,  either  thin  mem- 
branes of  glass  or  mica  (usually  mica)  or  fiber 
optics  may  be  used.  The  resolution  of  a fiber- 
optic coupling  plate  is  shewn  in  figure  10  in 
terms  of  its  modulation  transfer  function 
(MTF).  For  the  fiber-optic  plate  containing 
6-micron  diameter  fibers,  the  lambertian  or 
diffuse  resolution  has  a limiting  value  of 
about  1 1 5 line  pairs  per  millimeter.  If  the  exit 
angle  is  coned  down,  such  as  occurs  when 
viewing  with  a lower  numerical  aperture,  the 
resolution  is  improved.  The  curve  is  for  a 
plate  with  EMA  (interstitial  absorber),  which 
improves  contrast  by  cutting  down  crosstalk 
between  fibers.  The  numerical  aperture  is  a 
nominal  figure  computed  from  the  indices  of 
refraction  of  the  core  and  glass  cladding.  In 
practice,  NA  1 .0  fiber  optics  have  lambertian 
transmission  of  the  order  of  0.6  to  0.7.  For  a 
mica  sheet  to  have  an  equivalent  MTF,  it 
would  have  to  be  of  the  order  of  7 microns 
thick.  In  practice,  mica  couplers  of  this  thick- 
ness and  less  have  been  used.  The  transmission 
factor  for  mica  sheet  is  close  to  unity;  how- 
ever, the  fragility  of  mica  couplers  precludes 
their  application  in  flight  hardware. 
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Figure  10,  Modulatio,i  transfo' function  of  fiber  optic 
plate,  N.A.  0.98  with  EMA  fiber  diameta^‘6p 
(Kapany). 
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Resolution 

The  resolution  of  a single-stage  and  a 
three-stage  cascaded  tube  is  shown  as  the 
MTF  (fig.  11).  The  single-stage  tube  is  an 
ultraviolet  image  converter  with  photon  gain 
of  the  order  of  50.  The  three-stage  tube  is  an 
electrostatic  tube  with  a fiber-optic  coupling. 
The  single-stage  magnetic  tube  has  a limiting 
resolution  of  better  than  80  line  pairs  per 
millimeter.  The  electrostatic  three-stage  tube, 
measured  on  axis,  has  a limiting  resolution  of 
better  than  30  line  pairs  per  millimeter.  In 
general,  the  resolution  of  a single-stage  mag- 
netic tube  is  better  than  that  of  a single-stage 
electrostatic  tube  because  higher  field  gradi- 
ents at  the  cathode  are  possible.  The  lower 
curve  is  very  much  in  keeping  with  that  antici- 
pated from  the  MTF’s  of  the  individual 
components. 


SPATIAL  PREOOENCV  M 

Figure  11.  Modulation  transfer  fimctions  for  single- 
stage  magnetic  and  three-stage  electrostatic  image 
tubes. 

In  terms  of  limiting  resolution,  some 
general  relationship  can  be  established  among 
gain,  the  number  of  stages,  and  resolution.  In 
figure  12,  the  crosshatch  regions  show  the 
gain  and  resolution  ranges  for  one-,  two-, 
three-,  and  four-stage  tubes.  The  solid  line  is 
not  intended  as  a continuous  function  but 
indicates  the  approximate  trend.  The  trade- 
offs between  resolution  and  gain  are  clear;  the 
former  is  sacrificed  for  the  latter. 

Secondary-Emission  Intensifiers 

The  only  means  of  obtaining  high  gain 
discussed  thus  far  has  been  casca^ng.  There 


Figure  12.  Limiting  resolution  and  photon  gain  for 
one-,  two-,  three-,  and  four-stage  image  tubes. 

are  also  two  types  of  secondary-emission 
intensification  that  should  be  mentioned,  if 
only  briefly.  The  first,  called  transmission 
secondary-emission  multiplication  (TSEM),  is 
embodied  in  a magnetic  focus  tube  consisting 
of  several  stages  of  thin  secondary-emitting 
films  interspersed  between  photocathode  and 
phosphor.  In  general,  the  gain-resolution 
performance  falls  on  the  curve  shown  in 
figure  12,  but,  whereas  cascaded  tubes  have  a 
Poisson  pulse-height  distribution,  in  TSEM’s 
the  distribution  is  exponential,  with  a resul- 
tant two-fold  degradation  in  signal-to-noise 
ratio.  In  addition,  TSEM’s  have  a high  prob- 
ability of  terminated  events;  that  is,  photo- 
electrons that  do  not  result  in  output  pulses. 
This  factor  is  25  percent  or  greater  as  com- 
pared to  a negligible  fraction  for  a cascaded 
system.  An  image  tube  development  of 
greater  significance  is  the  channel  image  inten- 
sifier,  which  consists  of  a thin  plate  with 
many  fine  axial  holes.  L.' , ctrons  striking  the 
interior  surfaces  of  the  channels  undergo 
s e c 0 n d a ry-electron-emission  multiplication. 
The  channel  plate  may  be  incorporated 
between  cathode  and  phosphor  in  any  of  the 
three  basic  types  described.  The  gain  and  reso- 
lution of  a channel  tube  are  such  that  they 
may  fall  well  above  the  line  shown  in 
figure  12.  Tne  experience  to  date  on  channel 
plates  also  shows  an  exponential  pulse  height 
distribution  with  its  attendant  increase  in 
noise  factor.  Intrinsically,  however,  the 
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secondary  emission  of  reflective  surfaces,  as 
used  in  channels,  is  not  exponential.  At  very 
low  light  levels,  the  saturated  mode  operation, 
possible  with  channels,  should  yield  the 
lowest  noise  figure. 

Summary 

In  summary,  a variety  of  image  inten- 
sifiers  and  image  converters  have  been  dis- 


cussed.  There  is  a fairly  substantial  array  of 
devices  currently  available  and  under  develop- 
ment; the  best  choice  of  device  is  very  much 
dependent  upon  the  specific  application.  With 
the  advent  of  continuing  research  and  devel- 
opment, there  is  promise  for  improvement  in 
the  important  resolution-gain  characteristics. 
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Introduction 

Extreme  requirements  occasionally 
justify  the  difficulty  and  inconvenience  of 
recording  with  electrons  on  a medium  like 
photographic  film  within  a vacuum  enclosure. 
Among  these  are  simultaneous  requirements 
for  high  total  resolution,  signal-to^noise  ratio, 
and  sensitivity.  Unfortunately,  television  tech- 
niques do  not  satisfy  these  requirements 
because  the  contrast  or  modulation  transfer 
function  of  a television  camera  tube  falis 
rapidly  at  higher  line  numbers  and  much  of 
the  degradation  occurs  at  the  storage  target  or 
in  the  scanning  process.  The  electron-optics  of 
the  image  section,  however,  can  present  a high 
quality  image  to  the  target  or  to  an  electron 
recording  plate  or  to  film. 

Furthermore,  if  one  attempts  to  form  a 
very  high  resolution  television  image,  one 
usually  has  to  sacrifice  the  ability  to  follow 
rapid  motion,  to  make  some  compromise 
between  the  data  rate  (bandwidth)  of  the 
transmission  link  and  the  speed  mth  which 
one  can  present  complete  pictures.  For 
example,  it  can  be  shown  that  if  one  wishes,  to 
double  the  resolution  of  normal  television 
pictures  in  both  directions,  thereby  doubling 
the  number  of  scanning  lines  in  the  raster  as 
well  as  the  fineness  of  detail,  one  will  need 
four  times  the  datalink  bandwidth,  about 
18  megahertz  instead  of  the  present 
4.S  megahertz;  and  this  bandwidth  begins  to 
be  inconveniently  large  to  handle  although 
the  resolution  is  still  not  really  high.  There- 
fore, when  designing  a system  for  very  high 
resolution, ' one  almost  inevitably  allows  a 
longer  time  to  reproduce  a sln^e  picture. 
Unfortunately,  today  there  is  no  fully  satis- 


factory all-electronic  device  that  can  present 
to  the  observer  a high  resolution  picture 
repeated  only  once  every  few  seconds.  The 
eye  is  definitely  not  a satisfactory  storage 
device,  and  displays  such  as  long  persistence 
cathode-ray  tubes  or  storage  display  tubes  fail 
on  the  grounds  of  poor  resolution  for  various 
reasons. 

Recording  images  directly  on  film  with 
photoelectrons  is  attractive  for  extremely 
high  resolution  partly  because  the  display  of 
high  resolution  television  pictures  will 
probably  require  recording  the  image  on  film 
at  the  receiving  location  before  viewing. 
Another  reason  for  making  a “hard  copy”  has 
to  do  with  the  limited-information-rate  capa- 
bility of  the  human  observer.  When  viewing  a 
scene  or  a picture  wnth  a large  total  amount  of 
information,  that  is,  a high  resolution  picture 
of  a complex  scene,  the  observer  may  require 
many  seconds  or  tens  of  seconds  to  examine 
the  picture,  area  by  area,  in  order  to  locate 
and  to  identify  small  objects  in  the  field-of- 
view.  This  time  can  at  present  be  provided  to 
the  observer  only  by  making  hard  copies  even 
though  this  imposes  a uelay  between  picture 
taking  and  analysis.  In  most  cases,  the  hard 
copy  will  have  higher  quality  if  made  initially 
by  electron  exposure. 

The  Work  of  Lalle'mand 

The  astronomers,  however,  began  to  use 
electronography  simply  for  its  gain  in  sensi- 
tivity. The  legitimate  father  of  photoelectron 
image  recording  is  Dr.  Andre'  Lallemand, 
whose  first  papers  were  published  in  1936 
(ref.  1).  Lalldmand  adopted  this  means  of 
image  recording  primarily  because  work  on 
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high-energy  particle  recording  had  shown 
that,  if  photoelectrons  are  accelerated  suffi- 
, qenflv,  'each  \^l,fom|^a  developable  grain  or 
gr#i^ofgi^i^n>i^e  emulsion. 

From  data  available  in  1936,  an  inte- 
grated flux  of  approximately  1 0’  photons  per 
square  centimeter  were  necessary  to  obtain  a 
photographic  density  of  0. 1 using  traditional 
photography,  whereas  that  same  density 
could  be  obtained  with  as  few  as  10^  black- 
ened grains  in  the  emulsion.  Available  photo- 
cathodes had  quantum  efficiencies  of  abou^ 
1(T*.  Therefore,  one  would  need  10*  photons 
to  get  one  electron  and  10^  electrons  to  get 
10^  blackened  grains,  thus  requiring  a total 
integrated  flux  of  only  10''  photons  as 
compared  to  10’  for  the  best  photographic 
emulsions-a  sensitivity  gain  of  100  times.  To 
realize  this  sensitivity  gain,  Lalle'mand  con- 
ducted many  years  of  careful  research.  The 
first  papers  reporting  the  results  of  astro- 
nomical observations,  which  was  his  objective, 
were  published  16  years  later  in  1952  (ref.  2). 

Lallemand  found  experimentally  that 
the  predicted  sensitivity  gain  could  be  realized 
(refs.  3 and  4).  Pint,  by  using  a cesium- 
antimonide  photocathode  with  about 
6 X l(r^-ampere-per-watt  (30-microamper2- 
per-Iumen)  sensitivity  to  LCI.^illuminant  A, 
he  recorded  sensitivity  gain  in  the  order  of 
100  times  as  compared  u,  the  best  photo- 
graphic plates  then  used  b.  astronomers.  He 
was  also  able  to  use  this  technique  with  S-1 
infrared-sensitive  photocathcdes. 

Second,  he  could  use  finer  grain  emul- 
sions. In  general,  in  trying  to  obtain  better 
sensitivity  with  classical  photography,  one 
must  use  emulsions  with  larger  grain.  The 
grain  limits  the  detail  that  can  be  recordied 
without  objectionable  texture.  Lalle'mand 
found  that  certain  types  of  emulsion  origi- 
nally designed  for  nuclear  track  recording 
were  very  sensitive  to  electrons  yet  had  a 
grain  size  competitive  with  all  except  the 
microfilm  types  of  emulsions.  Thus,  for  those 
emulsions,  he  realized  not  only  a 100  times 
gain  in  sensitivity  but  also  a substantial  gain  in 
resolution  capability.  In  a sense,  his  gain 
bandwidth  pr^uct  was  significantly  larger. 

* International  Coinmistion  on  Dlumination. 


Third,  and  very  important  from  the 
astronomer’s  point  of  view,  the  density- 
versus-exposure  characteristic  for  Ilford  G5 
emulsions  was  linear  over  a significant  range 
and  had  no  ti.'reshold.  Normal  photographic 
film  has  a transfer  characteristic,  like  that 
shown  in  figure  1 , so  that  as  exposure  (the 
product  of  film  irradiance  and  exposure  time) 
is  increased  at  very  low  values,  there  is  a toe 
on  the  transfer  characteristic,  a threshold 
region  where  density  increases  only  very 
slowly  or  not  at  all.  ITiis  means  that  the 
astronomer  exposes  a very  faint  image  for  a 
disproportionately  long  time  to  get  the  image 
above  fog.  He  also  found  the  ibg  level  in  these 
nuclear  track  plates  was  significantly  lower 
than  that  found  in  classical  photography, 
thereby  making  it  easier  to  detect  faint 
images. 

In  trying  to  apply  his  concept, 
Lallemand  had  to  solve  some  difficult  prob- 
lems. The  first  was  to  get  the  plate  into  and 
out  of  the  enclosure  without  spoiling  the 
photocathode,  and  the  second  was  how  to 
keep  the  photocathode  sensitive  after  it  and 
the  plate  were  in  place  in  the  electron-optical 
structure. 


Flgim  /.  Demtty  venut  expomrt  curves  for  a pure 
AgBr  emubkm  exposed  to  mom  temperature  and 
atOquIdatr  temperature. 
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Figure  2 shows  a cross-section  of  camera 
equipment  that  Lallemand  was  using  three 
years  ago.  The  electronic  camera  itself  is  in 
the  center  of  the  figure.  The  procedure  was  to 
make  the  photocathode  (7)  separately  in  a 
small,  thin-walled,  glass  vessel  (8),  to  intro- 
duce the  assembly  into  the  side  arm  (upper 
right)  of  the  vacuum  enclosure  of  the  camera, 
which  had  been  preevacuated  and  prebaked, 
to  produce  a good  vacuum,  and  to  bake  again. 
The  pumping  path  runs  perpendicular  to  the 
diagram  toward  the  rear,  with  a valve  to 
permit  disconnecting  from  the  pumps,  and  is 
not  shown  to  avoid  complicating  the  diagram. 
At  top  center  is  a window  (1),  which,  in  this 
camera,  was  sealed  in  place  with  Apiezon  wax 
“W.”  In  some  more  recent  experiments, 
Lallemand  placed  indium  in  a groove  around 
the  faceplate  in  order  to  make  a better  seal. 

The  electron  optics  is  in  the  upper 
center.  To  lower  residual  vapor  pressure,  there 
is  a Dev/ar  flask  (10)  at  the  bottom  for  liquid- 
nitrogen  cooling  of  the  plate  magazine  (S), 
and  a Dewar  flask  (not  shown)  at  one  side  for 
liquid-nitrogen  cooling  of  the  photocathode 
support  (2)  and  therefore  of  the  photo- 
cathode, and.  Anally,  an  ingenious  construc- 
tion in  which  activated  charcoal  contained  in 


Figure  2.  Oon-tection  of  LalUmand't  electronic 
cemera. 
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an  electrode  (20)  is  also  cooled  by  the  liquid 
nitrogen.  After  exhaust,  bakeout, and  refriger- 
ation, the  photocathode  (7)  is  liberated  from 
its  ampoule  (8),  with  the  aid  of  a magnetic 
hammer  (11),  and  is  pulled  into  place  on  the 
support  (2).  The  chUied,  activated  charcoal 
maintains  the  vacuum  as  the  tube  is  valved  off 
and  detached  from  the  pumps  and  mounted 
on  the  telescope  for  exposures. 

In  early  experiments  IS  years  ago, 
photocathode  response  decayed  SO  percent  in 
an  hour,  but,  with  the  arrangement  shown, 
sensitivity  is  stable  over  a period  of  many 
hours  as  long  as  the  liquid-nitrogen  supply  is 
maintained.  In  fact,  photocathodes  are  now 
so  stable  that  Lall^mand’s  coworkers  (refs.  S 
and  6)  have  expanded  the  technique  to  the 
study  of  photoemission.  Electronography  is  a 
worthwhile  tool  for  this  purpose  because  one 
can  record  individual  photoelectrons  and 
dark-current  emission. 

Lallemand’s  arrangement  permitted 
taking  eight  pictures  spaced  on  small  plates 
mounted  around  the  periphery  of  a drum. 
The  drum  was  advanced  by  a prewound 
spring,  using  a magnetically  activated  escape- 
ment for  each  advance  and  a magnetically 
activated  shutter.  Electronic  focus  was  main- 
tained by  resetting  voltages  with  a potenti- 
ometer after  an  initial  focusing  experiment. 
With  continuous  cooling,  the  photocathode 
could  be  kept  sensitive  for  more  than  one 
night  of  observations.  When  the  eight  expo- 
sures were  completed,  however,  the 
atmosphere  was  readndtted  for  removal  of  the 
exposed  plates,  thus  destroying  the  photo- 
cathode. To  prepare  for  another  run,  one  had 
to  prepare  another  cathode  in  its  ampoule, 
install  it  in  the  side  arm,  install  new  plates  in 
the  magazine,  seal  the  enclosure,  and  begin 
again  the  exhaust  and  outgassing  cycle. 

Tne  Work  of  Kron  and  Associates 

The  most  signiAcant  advances  in  elec- 
tronography in  this  country  have  been  made 
by  Dr.  Gerald  Kron  and  his  associates  of  the 
Flagstaff  Station  of  the  Naval  Observatory 
(refs.  7,  8,  and  9).  Their  most  important  single 
contribution  is  the  provision  of  a vacuum 
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valve  in  the  electron-optical  structure  to 
separate  the  photocathode  and  the  image- 
forming electrodes  from  the  plate,  the 
magazine,  and  the  shutter  assembly.  As  shown 
in  the  simplified  schematic  diagram  of 
figure  3,  in  the  electrostatic  image-converter 
optics,  there  is  a field-free  region  beyond  the 
anode  of  the  electron-optical  system  where 
the  electrons  all  pass  through  a rather  small 
area  in  space.  The  valve  placed  at  this  point 
consists  simply  of  a copper  disc  that  can  be 
clamped  between  a pair  of  valve  seats.  ITie 
seats  ai'c  pKv  ;s  of  vacuum  envelope  members, 
which  have  a flexible  annulus  between  them, 
with  jack  screws  to  spread  them  apart  when 
the  disk  m moved  to  one  side  and  to  clamp 
them  tc»;>;t;ier  when  the  valve  is  closed.  A 
small  anw  Ur  volume  around  the  valve  disc  is 
pumped  continuously  and  provides  a guard 
vacuum  whenever  the  plate  chan:ber  is  at 
higher  pressure. 

In  c'-  t'-ition.  the  valve  disc  i?  simply 
rolled  on  c.'.gj  bv  u the  tube  to  open  or 
to  close  :i.  (tie  Ute,  2-3/4  inches  in 


Figure  S.  Schansii-:  :\OMectkm  of  U.  S.  Navy  elec- 
tonic  camera. 


diameter,  and  its  support  may  be  rotated  by  a 
simple  magnetic  driver  to  make  six  exposures 
in  a single  loading.  The  magnet  may  be 
removed  during  each  exposure  to  avoid  inter- 
ference with  electron-optical  fidelity.  As  in 
Lall^mand’s  work,  Kron  refrigerates  his 
magazine  with  a liquid-nitrogen  Dewar  flask; 
however,  through  use  of  glass-to-metal  seals,  a 
modem  high-vacuum  valve  in  the  pumping 
line,  two  small  ion  pumps,  one  on  the  valve 
annulus  and  one  on  the  plate  chamber,  plus 
the  valve  itself,  he  does  not  need  to  refrigerate 
the  photocathode  nor  to  use  activated 
charcoal.  With  this  scheme,  Kron  has  been 
able  to  replace  the  plate  many  times  and  to 
use  the  same  photocathode  for  as  long  as  15 
months. 

To  make  the  cathode  initially,  Kron 
removes  the  magazine  assembly  and  attaches 
the  image  section  and  valve  assembly  vnth  its 
attached  ion  pumps  to  a vacuum  station. 
After  normal  exhaust  and  baking,  the  coin 
valve  being  open,  the  photocathode  is  formed 
in  place  by  evaporators  that  are  easily  intro- 
duced through  the  valve  opening  and  the 
anode  to  the  center  of  curvature  of  the 
cathode  support.  The  evaporator  assembly  is 
then  withdrawn;  the  ion  pump  for  the  guard 
vacuum  is  activated;  the  valve  is  closed;  and 
the  tube  is  removed  from  the  pumping 
station.  Then,  and  indeed  for  every  replace- 
ment, the  magazine  assembly  with  a new 
electron-sensitive  plate  is  mounted  in  place 
with  a soft  wire  seal,  and  this  chamber  is 
evacuated  through  a side  pumping  path,  not 
shown  in  the  diagram.  The  small  ion  pump  for 
the  plate  chamber  is  then  activated;  the  valve 
to  the  processing  system  is  closed  and  the 
system  detached.  To  ready  the  tube  for  use, 
the  Dewar  flask  is  filled  to  chill  the  plate 
support  and  the  plate,  and  the  coin  valve  is 
opened. 

As  shown  in  figure  3,  the  resulting 
package  is  compact  and  relatively  easy  to 
mount  on  a telescope.  For  the  last  2 or  3 
years,  Kron  and  his  associates  have  used  it  to 
obtain  astronomical  data  with  the  61 -inch 
telescope  at  the  Flagstaff  Station  of  the  Naval 
(Miservatory.  Some  of  their  findings,  which 
have  instrumental  importance,  are  ^en  in 
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this  paper.  For  a discussion  of  their  astro- 
nomical significance,  one  should  refer  to  their 
publications  (refs.  10,  11,  12,  and  13).  A 
significant  qualification  is  that  their  selection 
of  plates  and  techniques  was  directed  toward 
the  recording  and  photometric  measurement 
of  faint  astronomical  images  with  high  signal- 
to-noise  ratio  and  a wide  range  in  a single 
exposure.  Another  set  of  choices  might  be 
more  suitable  for  other  applications. 

Most  exposures  at  Ragst.aff  have  been 
made  using  Ilford  \A  and  K'  emulsions.  As 
shown  in  figure  4,  when  L4  is  developed  for 
five  minutes  in  full  strength  D-19  developer  at 
68**  F,  density  is  proportional  to  exposure,  at 
least  up  to  density  6,  and  is  limited  only  by 
the  ability  to  measure.  The  reason  is  probably 
the  very  fine-grain  structure  of  this  emulsion. 
As  shown  in  figure  5,  the  grain  count  for  a 
given  density  is  far  ht^er  than  for  a classical 
photographic  plate.  Kron  estimates  a satu- 
ration density  of  more  than  30.  Theory 
indicates  Oiat  density  should  be  an  expo- 
nential function  of  exposure,  much  like  the 
voltage  time  curve  for  a capacitor  charged 
through  a resistor  from  a constant  voltage 
source,  and,  for  D/Dgs|«l,  this  function  is 
approximately  linear.  Like  Lallemand,  Kron 
and  his  associates  found  the  Ilford  plates 
essentially  free  of  fog. 


Flgun  5.  Grain  counts  for  photogmphy  and  Weo 
troMgnphy. 


To  determine  an  information  gain  with 
respect  to  classical  photography  (ref.  12), 
shown  in  figure  6,  one  must  recall  the  appli- 
cation. Electronography  is  a perfect  electro- 
optical  imaging  device  in  the  sense  that  every 
photoelectron  results  in  a developable  grain  or 
small  group  of  grains  in  the  emulsion  and  the 
information  is  therefore  represented  by 
counting  grains  in  each  area;  the  interfering 
fluctuations  or  noise  is  due  primarily  to  the 
randomness  of  photoemission.  From  Poisson 


Flfui  t 4.  Ikndty  proporrtondi  to  txpomte  for  atae- 
tronognph;ywtthL4mnMon. 


Flgm  6.  tnformtkm  gabs  of  aketronopaphy  wfih 
rtapact  to  ^mkal^tompby. 
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statistics,  the  rms  value  of  the  fluctuation  for 
any  small  sampling  area  should  be  propor- 
tional to  the  square  root  of  the  average 
number  of  grains  which  would  be  darkened  in 
that  area  during  the  exposure  time. 

Instead  of  counting  grains  directly,  Kron 
and  his  associates  measured  density  with  a 
modified  Joyce-Loebl  microdensitometer. 
Their  present  practice  is  to  scan  a star  image 
in  a raster  pattern,  as  shown  in  figure  7.  For 
the  optical  and  electron-optical  system  used,  a 
typical  star  image  has  a diameter  of  about 
50  micrometers  on  the  plate.  By  scanning  the 
region  near  it  as  well  as  the  image  itself,  they 
obtain  a good  estimate  of  the  local  back- 
ground. To  use  all  the  information  in  the  star 
image  as  signal,  they  integrate  electrically  the 
densitometer  output  along  each  scannmg  line 
and  use  the  output  of  the  integrator  for  each 
line  to  drive  a strip-chart  recorder.  The 
resulting  center  curve,  in  figure  7,  is  a type  of 
intensity  profile,  and  the  area  under  this  curve 
but  above  background  is  proportional  to  the 
total  flux  from  the  star.  ITiis  method  appears 
relatively  independent  of  seeing  conditions.  A 
comparison  with  a single  densitometer  trace 
through  the  center  of  the  star  image  shows  a 
convincing  gain  in  signal-to-noise  ratio. 

This  method  of  measurement  can,  of 
course,  be  applied  both  to  electronography 
and  to  classic  photography.  The  relative 
merits  for  the  two  exposure  methods  is 
related  to  the  signal-to-fluctuation  ratio 
actually  found  for  a given  method  of  analysis 
compared  to  that  due  to  the  phoioemission 
statistics.  Measurements  were  made  using  a 
small  sampling  aperture  in  the  Joyce-Loebl 
microdensitometer,  with  no  integrator,  to 
enhance  the  fluctuations.  The  fluctuation 
level  was  arbitrarily  set  to  be  the  pcak-to-peak 
fluctuation  envelope  amplitude,  ignoring  the 
occasional  large  spike.  1^  figure  is  thought 
t be  about  four  times  the  rms  fluctuation 
value.  The  total  area  above  noise  under  a trace 
was  then  divided  ay  the  square  of  the  noise 
envelope  amplitude  to  yield  a figure  of  merit. 
The  reasoning  is  that  the  rms  fluctuation 
should  have  been  proportional  to  the  square 
root  of  the  signal;  hence,  the  signal  equivalent 
to  the  observed  noise  is  proportiomd  to  the 


PITCH  OP  SCANNING  PATTERN  • 2.5  ^ PER  LINE 


(a)  Microdensitometer  scanning  pattern. 


(b)  Mean  profUe  from  integrator  output  for  each 
scan,  includes  all  data  in  image. 


Figure  7.  Kron-Ables  method  for  extracting  photo- 
metric information. 

^uare  of  that  noise.  Constant  factors  are 
ignored  because  they  are  constant  through  the 
experiment.  In  electrical  terms,  the  method  is 
analogous  to  quoting  an  equivalent  DC  cur- 
rent for  an  emission-limited  diode  to  char- 
acterize a noise  source. 
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Using  their  method,  as  shown  in  figure  6, 
Kron  and  Abies  calculate  their  information 
gain  as  at  least  30  but  comment  that  the  eye 
does  not  notice  this  difference.  This,  in  turn, 
is  related  to  their  use  of  a very  fine-grain 
emulsion  for  maximum  information  density. 
The  fluctuations  that  limit  the  accuracy  of 
their  measurements  are  very  small  in  scale, 
corresponding  to  the  high  frequency  ooise 
that  the  eye  can  ignore  in  a television  system. 
Their  use  of  an  integrator  to  improve  signal- 
to-fluctuation  ratio  in  the  final  record  cor- 
responds to  the  use  of  a low-pass  filter  for 
more  accurate  measurement  of  signal  ampli- 
tude. For  terrestrial  uses,  a greater  sensitivity 
gain  might  be  produced  by  use  of  a larger 
grained  emulsion,  but,  for  astronomy,  the 
fine-grained  L4  has  permitted  photometry  in 
a single  exposure  over  eight  stellar  magni- 
tudes, a treniendous  intensity  range  of  1500: 1 
with  very  high  resolution,  and  an  extremely 
large  information  density. 

Based  upon  this  type  of  analysis,  Kron 
and  Abies  calculate  a minimum  gain  in  speed 
of  information-recording  of  about  30.  Trans- 
lated into  telescope  terms,  this  means  that 
their  61 -inch  telescope  with  an  electrono- 
graphic camera  has  the  capability  of  a 
300-inch  telescope  using  classical  photog- 
raphy, or  that  use  of  electronography  with 
the  Hale  200-inch  telescope  would  give  the 
same  result  as  a 1000-inch  instrument. 
Because  of  these  results,  workers  in  Europe 
and  at  Westinghouse  in  the  United  States  are 
now  attempting  to  make  larger  sized  electron- 
ographic cameras  to  use  more  of  the  field-of- 
view  available  from  existing  telescopes. 

The  Work  at  Westinghouse 

In  view  of  the  successes  of  LalUmand, 
Kron,  and  their  astronomer  colleagues,  it  is 
logical  to  ask  whether  electronography  could 
be  applied  usefully  to  terrestrial  photography 
where  sensitivity  is  at  a premium.  Several 
years  ago,  the  Photoreconnaissance  Branch  of 
the  U.S.  Air  Force  Avionics  Laboratory  at 
Wright  Field  initiated  a program  at  Westing- 
house to  determine  the  feasibility  of  making 
an  electronographic  camera  into  which  many 


feet  of  4y2-inch-wide,  electron-sensitive  film 
could  be  introduced,  exposed,  and  removed 
(ref.  14).  For  maximum  sensitivity  to  natural 
ambient  illumination,  we  considered  use  of  a 
trialkali  S-20  photocathode  necessary 
(ref.  1 5),  and,  since  the  astronomical  cameras 
used  principally  the  less  fragile  S-9  photo- 
cathode and  far  smaller  recording  plates,  we 
decided  on  a rather  basic  approach.  After  first 
developing  a paper  design  for  a complete 
camera  to  guide  our  investigation,  we  con- 
sidered the  possible  ways  of  introducing  and 
handling  the  recording  medium  and  the  prob- 
lems we  would  have  to  solve  with  each. 

Actual  experiments  fell  into  two  main 
groups.  First,  we  used  a high-vacuum  mass 
spectrometer  system  to  measure  the  amounts 
and  types  of  gases  that  would  be  liberated  by 
each  of  the  materials  and  components  we 
wished  to  use  in  the  camera,  and  we  deter- 
mined how  pretreatment  could  be  used  to 
minimize  or  to  control  gas  or  vapor  evolution. 
Included,  of  course,  were  vacuum  lubricants, 
typical  filn>base  materials,  and  Kodak’s 
SCi-159  electron-beam-recording  film  as  well 
as  metal,  glass,  and  plastic  parts.  Second,  we 
made  good  S-20  photocathodes  and  deter- 
mined their  sensitivity  to  low  pressures  of  the 
pure  gases  found  as  components  in  the  gases 
evolved  from  the  materials.  During  the  investi- 
gation, we  revised  the  initial  paper  design  for 
the  camera  and  its  method  of  operation  when- 
ever the  experimental  data  indicated  a serious 
problem. 

ITie  equipment  used  both  for  gas  evolu- 
tion studies  and  for  photocathode  contami- 
nation studies  is  shown  in  figure  8 and 
schematically  in  figure  9.  As  shown,  the  entire 
system  is  made  of  stainless  steel,  kovar, 
ceramic,  and  glass  with  O.F.H.C.  copper 
gasket  seals  at  all  flange  joints.  It  can  be 
baked  at  temperatures  to  500“C  for  out- 
gassing  and  is  evacuated  by  cryogenic  sorption 
pumps  or  by  titanium  ion  pumps  to  rule  out 
oil-vapor  contamination  completely.  The 
system  is  divided  into  individually  pumped 
subsections  by  high  vacuum  valves  so  that 
only  the  immediate  sample  chamber  need  be 
exposed  to  the  laboratory  atmosphere  when  a 
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new  sample  is  inserted.  The  mass  spectrom- 
eter is  a General  Electric  magnetic-deflection 
residual-gas  analyzer.  The  ultimate  back- 
ground pressure  in  the  system  approached 
lCr‘°  torr. 


Figure  8.  Vacuum  system  for  analysis  of  evolved  gases 
and  their  effects  on  photocathodes. 


For  outgassing  studies,  samples  were 
introduced  into  the  sample  chamber,  in  the 
upper  left  foreground  of  figuie  8.  Photo- 
cathodes were  made  in  a standardized  experi- 
mental tube  structure  mounted  from  the  side 
of  the  sample  chamber,  and  contaminating 
gases  were  available  from  the  manifold,  which 
appears  beneath  the  table  in  figure  8.  All  gases 
evolved  by  the  camera  parts  could  be  dupli- 
cated except  for  fluorine,  which  was  con- 
sidered too  difficult  to  handle. 

Some  results  of  the  investigation  are 
summarized  in  figures  10  and  II.  Most 
proposed  camera  materials  could  be 
thoroughly  outgassed  prior  to  photocathode 
formation  and  presented  no  problems.  Experi- 
ence on  one  of  our  earlier  programs  with 
Westinghouse  dry-film  lubricants  confirmed 
that  these  materials  could  be  treated  to  be 
compatible  with  a photocathode,  but  the  film 
and  its  substrate  emitted  large  quantities  of 
water  vapor.  As  shown  in  figures  1 0 and  1 1 , a 
multialkali  photocathode  is  relatively  un- 
affected by  hydrogen  or  nitrogen  and  reacts 
to  methane  and  carbon  monoxide  between 
1(T®  and  ICT'^torr,  to  oxygen  between  10"* 
and  1 (T®  torr,  and  to  water  vapor  for  pressures 
between  1(T*  and  10"’'  torr.  Therefore,  the 
design  program  was  concentrated  on  ways  to 
reduce  the  water-vapor  evolution  within  the 
camera. 


Figure  9.  Simplified  diagram  of  vacuum  system  used 
for  photocathode  contamination  study. 


Figure  10.  Reaction  of  hydrogen,  nitrogen,  and 
methane  on  a multialkali  photocathode. 
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i^[gMre  II.  Reaction  of  oxygen,  carbon  monoxide, 
and  water  vapor  on  a multU>fkali  photocathode. 


The  initial  camera-design  concept,  based 
upon  a desire  to  develop  and  to  view  the  film 
soon  after  exposure  as  well  as  a natural 
tendency  to  parallel  classical  camera  designs, 
was  to  store  film  in  a magazine  at  atmospheric 
pressure,  to  introduce  it  through  vacuum 
locks,  to  expose  it,  to  retrieve  it  through  a 
second  set  of  vacuum  locks,  and  to  store  it  on 
a takeup  reel  in  a second  magazine  at 
atmospheric  pressure.  For  aerial  photography, 
however,  we  sought  to  avoid  the  liquid- 
nitrogen  cooling  used  by  the  astronomers. 
The  investigation  outlined  above,  however, 
appears  to  rule  out  this  approach.  Water-vapor 
partial  pressure  must  be  held  below  l(T*torr 
to  avoid  a decay  in  photocathode  sensitivity. 
In  a vacuum,  however,  vapor  is  evolved  from 
the  surface  of  any  material  or  component  that 
has  not  been  baked  and  from  the  volume  of 
materials  like  a Mylar  or  Estar  film  base  or  a 
gelatin-emulsion  film.  In  our  magnetically 
focused  structure,  the  film  must  face  the 
photocathode  with  a broad  direct  path  for 
vapor  transfer. 

We  found  experimentally  (1)  that  the 
film  and  film  base  could  be  dried  out  con- 
siderably by  storing  them  under  vacuum  for 
48  hours,  assisted  by  warming  the  film  to 
40°C  to  speed  vapor  release,  but  (2)  that  even 
a brief  exposure  to  the  atmosphere  of  an  air- 
conditioned  laboratory  substantially  restored 
its  water  content.  Thus,  batch  film  prepara- 
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tion  and  storage  in  vacuum  cassettes  seems 
required. 

Based  upon  these  and  other  consider- 
ations, the  final  camera  design  is  like  that 
shown  in  the  simplified  schematic  of 
figure  1 2.  The  vacuum  film  cassette  is  in  the 
upper  part  of  the  figure  with  the  exposure 
plane  in  the  center.  Just  below  this  is  a high- 
vacuum  gate  valve  with  a positive  mechanical 
actuator.  The  photocathode  is  formed  on  the 
inner  surface  of  a window  at  the  bottom  of 
the  camera.  For  optimum  uniformity  of  focus 
and  geometric  fidelity,  we  chose  magnetic 
focusing,  provided  by  the  indicated  focusing 
coils,  which  were  split  to  accommodate  the 
valve  actuator.  To  accommodate  100  feet  of 
4Vi-inch  film,  with  a 7-inch-diameter  photo- 
cathode, the  unit  is  approximately  24  inches 
tall,  and  the  body  of  the  camera  is  1 1 inches 
in  diameter.  At  the  present  time,  the  actuator 
assembly  extends  24  inches  beyond  the 
camera  body  in  order  to  withdraw  the  7-inch- 
diameter  valve  fully.  The  film  is  advanced 
with  magnetic  clutch  units  and  is  held  flat  on 
the  cooled  platen  at  the  exposure  position  by 
electrostatic  attraction.  Continuous  titanium 
ion  and  getter  pumping  is  provided  in  both 
the  film  magazine  and  the  exposure  chambers 
with  sufficient  pumping  impedance  between 
them  to  permit  maintaining  a high  vacuum  at 
the  photocathode.  Cooling  of  the  film  before 
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Figure  12,  Simplified  scale  drawing  of  electrono- 
graphic camera. 
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it  enters  the  exposure  chamber  i,s  also  pro- 
vided, but  we  now  believe  a Freon  cooling 
unit  with  a small  compressor  for  airborne  use 
should  be  sufficient  to  provide  an  adequate 
safety  factor. 

The  electron-optical  section  uses  a 20-  to 
30-kilovolt  accelerating  potential,  a 330-Gauss 
focusing  field,  and  short  length  for  a high 
field  to  minimize  the  effects  of  electronic 
“chromatic  aberration”;  i.e.,  the  effects  of  the 
spread  in  emission  velocities;  it  is  computer- 
designed  for  a resolution  of  over  500  line 
pairs  per  millimeter.  Since  the  film,  the  objec- 
tive lens,  and  the  image  stabilization  will  set 
substantially  lower  limits,  this  design  assures 
that  the  electronographic  camera  will  not 
measurably  degrade  the  system  modular 
transfer  function. 

To  use  the  camera,  it  is  necessary  to  load 
a spare  film  cassette  and  to  place  it  in  or  to 
seal  it  to  a vacuum  system  for  48  hours  (or 
longer  pretreatment)  to  outgas  the  film.  The 
camera  proper  would  be  sealed  to  a photo- 
cathode processing  station,  with  the  valve 
opened  and  exhausted,  and  would  be  baked; 
the  photocathode  would  be  formed;  and  the 
valve  closed.  Small  ion  pumps,  built  into  the 
camera  to  evacuate  both  the  exposure  section 
and  the  chamber  between  the  dual  valve  seats, 
are  activated. 

To  avoid  exposure  to  atmospheric 
moisture,  both  units  are  removed  from  their 
vacuum  systems  and  joined  together  in  a dry 
glove  box,  using  either  dry  nitrogen  or  dried 
air.  In  such  enclosures,  we  routinely  produce 
a -70®C  dewpoint,  at  which  atmospheric 
moisture  is  reduced  to  a few  parts  per  million 
and  the  interiors  of  the  units  may  be  exposed 
long  enou^  to  seal  them  together  without 
objectionable  contamination.  The  pumping 
stem  on  the  film  cassette  is  sealed  to  a local 
vacuum  system;  the  cassette  is  evacuated;  the 
pumping  valve  is  closed;  the  holding  pumps  in 
the  cassette  are  activated;  and  the  camera  is 
ready  for  use. 

Cbnclusions 

We  conclude  that  such  a large  roll-film 
electronographic  camera  is  feasible  and  that 
photocathode  life  should  be  sufficient  for 


many  missions  with  the  recommended  oper- 
ating cycle. 

It  should  be  possible,  by  storing  spare, 
I..>aded,  pretreated  cassettes  under  vacuum  or 
perhaps  by  storing  batches  of  film  under 
vacuum  and  loading  cassettes  in  the  dry  box, 
to  reload  a camera  in  less  than  an  hour,  with 
much  of  that  time  taken  for  final  exhaust  of 
the  cassette  after  installation. 

Resolution  of  the  complete  system 
should  be  greater  than  that  for  classical 
photography  because  shorter  exposure  times 
may  be  combined  with  electronic  image- 
motion  stabilization  for  small-amplitude, 
high-frequency  motions.  Sensitivity  gains  for 
terrestiM  use  have  not  yet  been  established 
although  Lalle'mand’s  figure  of  100  times  may 
be  bettered  with  the  availability  of  more 
sensitive  photocathodes. 

The  same  camera  should  also  be  useful 
for  astronomical  observations.  The  4)4-inch 
by  4V^inch  picture  size  should  make  far  more 
efficient  use  of  the  existing  telescope  fields- 
of-view,  thus  expanding  significantly  the 
usefulness  of  electronography. 
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Camera  Tubes  Employing  Electron-Imaging 
Charge-Storage  Targets 

G.  W.  Goetze 

Westinghouse  Electric  Co.  poration 


Introduction 

Giarge-storagu  camera  tubes  were  devel- 
oped with  the  inception  of  the  vidicon  well 
over  IS  years  ago  and  have  formed  the  class 
of  tubes  most  extensively  employed  in  tele- 
vision for  commercial  and  military  purposes. 
Basically,  tubes  in  this  class  utilize  the  inte- 
grating and  storage  capability  of  suitable  thin 
films  for  the  purpose  of  enhancing  sensitivity. 

Two  basic  types  of  charge-storage 
camera  tubes  can  be  defined  as:  (1)  those  in 
which  a single  element  acts  as  both  the 
primary  radiation  sensor  and  charge-storage 
element  and  (2)  those  in  which  the  role  of 
radiation  sensor  and  chaise-storage  element 
are  separated.  Of  the  hi^ly  developed  camera 
tubes,  the  first  type  is  exemplified  by  the 
vidicon,  which  is  a direct-beam  readout  tube. 
The  second  type  is  exemplified  by  the  image 
orthicon  and  secondary-electron-conduction 
(SEC)  camera  tubes.  The  image  orthicon  is  a 
return-beam  type  of  device;  the  SEC  tube  is 
basically  a direct-beam  readout  type  but  may 
be  used  in  the  return-beam  mode  of  oper- 
ation. 

Tubes  of  the  second  type  employing 
high-gain  charge-storage  targets,  such  as  the 
SEC  target,  are  extremely  attractive  for  tele- 
vision cameras.  The  separation  of  the  role  of 
radiation  detector  and  charge  storage  offers 
versatility  in  the  choice  of  both  the  radiation- 
detector  and  charge-storage  elements.  These 
tubes  employ  a photocathode  to  convert 
radiation  into  an  electron  stream  and  the 
charge-storage  target  to  insure  suitable  charac- 
teristics such  as  low  lag  and  high  gain. 

The  direct  readout  mode  of  operation  of 
this  second  type  of  tube  offers,  among  other 


features,  a desirable  simplicity  and  stability. 
The  SEC  tube  is  the  only  device  that  has  been 
highly  developed  and  which  offers  this  type 
of  operation.  Such  operation  could,  however, 
be  extended  to  charge-storage  targets  other 
than  the  SEC  target,  and,  indeed,  tubes 
employing  silicon-diode  array  targets  are  in 
the  early  stages  of  development. 

Tbds  paper  is  concerned  with  camera 
tubes  employing  electron-imaging  charge- 
storage  targets.  Although  the  image  orthicon 
falls  in  this  class,  it  is  omitted  in  this  dis- 
cussion because  of  its  long  history  and  wide 
use  in  commercial  broadcasting.  Only  tubes 
being  highly  developed  and  employingjthe 
secondary-electron-conduction  principle  are 
included.  Properly,  silicon-diode  array-target 
camera  tubes  should  also  be  included,  but, 
because  of  their  early  development  status  and 
very  close  similarity  to  the  SEC  type  of  tubes, 
the  discussion  of  this  development  has  been 
deferred  to  Appendix  A. 

The  discovery  of  the  SEC  phenomenon 
was  the  ultimate  outgrowth  of  researches  ini- 
tiated in  this  country  and  abroad  on  the  pro- 
cess of  secondary-electron  emission.  The 
Westinghouse  Electric  Corporation,  intimately 
involved  in  this  research,  extended  efforts 
toward  the  study  of  transmission  secondary- 
electron  emission  from  thin  films  and  its  ap- 
plication in  photoelectronic  imaging  devices. 
In  order  to  increase  significantly  the 
secondary-electron  yield  from  transmission 
secondary-emission  dynodes,  the  use  of 
smoke  deposits  and  low-density  layers  of 
materials  known  to  possess  inherently  high 
secondary-emission  ratios  was  employed. 
These  efforts  resulted  in  high-gain  dynodes; 
however,  extensive  employment  of  these 
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dynodes  was  limited  due  to  the^ijhdrgj^  oT  • ‘ ^ci^on  relating  to  the  silicon- 

the  exit  surface.  It  is  this  chargin^t^at  (*  <^o6|  jirHy^^get  tube  covered  in 
the  SEC  process  possible  and,  in  turn,  offered  Appendix  A is  based  in  part  upon  information 


a unique  opportunity  for  development  of  a 
charge-storage-signal  target.  The  development 
of  the  SEC  target  was  accomplished  simply  by 
altering  the  mode  of  operation  of  the  low- 
density  dynodes  so  that  the  emitted  secon- 
dary electrons  were  conducted  back  through 
the  vacuum  interstices  of  the  layers  rather 
than  away  from  the  exit  surface. 

The  research  that  led  ultimately  to  the 
discovery  of  the  SEC  process  spanned  a pe- 
riod of  roughly  1 0 years.  The  excellent  charge 
multiplication  and  storage  properties  of  the 
SEC  layers  made  them  natural  candidates  for 
charge-storage  targets  in  camera  tubes,  and, 
during  the  following  flve  years,  a variety  of 
SEC  camera  tubes  was  developed. 

At  the  present  time,  SEC  camera  tubes 
are  a regular  production  item.  They  have 
found  a variety  of  uses  as  camera  tubes  for 
very-low-light-level  television  for  military  and 
space  applications,  astronomical  observations, 
and  various  scientifle  an  ! industrial  purposes. 
Their  use  in  commercial  broadcast  television 
is  also  becoming  evident. 

The  portion  of  this  discussion  concerned 
with  the  SEC  tube  consists  of  a condensation 
of  published  articles  on  the  SEC  process  and 
its  application  to  devices.  Included  is  informa- 
tion on  recent  applications,  but  the  paper  is 
based  primarily  upon  papers  presented  at  the 
Third  and  Fourth  Symposia  on  Photoelec- 
tronic  Imaging  Devices  at  Imperial  College, 
London,  during  September  1965  and 
September  1968.  (The  papen  from  the  1965 
Symposium  have  been  published  in  Academic 
Press  in  Advances  In  Electronics  and  Electron 
Physics,  Volume  22.  The  papers  from  the 
1968  Symposium  are  being  published  in  a 
future  volume  of  the  same  series.) 

In  particular,  credit  is  due  the  following 
individuals  whose  original  papers  formed  the 
basis  of  this  condensation  (see  Appendi  B): 
G.  W.  Goetze  (refs.  3,  8,  27,  28,  and  42), 
A.  H.  Boerio  (refs.  3 and  42),  R.  R.  Beyer 
(refs.  3,  26,  27  and  28),  M.  Green  (ref.  28), 
and  H.  Anderton  (ref.  26). 


obtained  from  the  general  literature  pertain- 
ing to  targets  of  this  type.  There  being  no 
published  information  on  camera  tubes  using 
these  targets  in  the  electron-imaging  charge- 
storage  mode,  the  performance  data  present  ed 
is  based  entirely  on  early- ;iiage  evaluation 
tubes  fabricated  and  tested  at  the 
Westinghouse  Electronic  Tube  Division.  The 
targets  for  these  tubes  were  made  available 
through  the  efforts  of  R.  Schneeberger, 
H.  Nathanson,  D.  Green,  W.  Harper,  and 
R.  Wickstrom  of  the  Westinghouse  Research 
and  Development  Center.  Their  efforts  partic- 
ularly are  acknowledged. 

Physics  of  the  SEC  Layer 

Transmission  Secondary-Electron  Emission 
from  Low-Density  Targets 

The  basic  structure  of  the  low-density 
film  is  indicated  in  figure  1.  It  consists  of  an 
aluminum-oxide  supporting  layer,  an  alumi- 
num signal  plate,  and  a low-density  layer  of  a 
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Figure  I.  Structure  of  dteSEC  target. 
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suitable  insulator.  Normally,  the  aluminum 
oxide  and  the  aluminum  layers  are  each  about 
700  angstroms  thick.  The  insulating  layer  is 
about  20  micrometers  thick  with  a density  of 
only  1 to  2 percent  of  the  normal  density, 
corresponding  to  a mass  per  unit  area  of 
roughly  50 Mg/cm*.  The  low-density  layer  is 
formed  by  evaporating  the  material  in  an  inert 
gas  atmosphere  at  a pressure  of  approximately 
2 torr.  For  most  of  these  applications,  potas- 
sium chloride  has  been  used  as  the  insulatorj 
however,  similar  results  have  been  obtained 
with  sodium  bromide,  lithium  fluoride,  and 
barium  fluoride. 

In  order  to  understand  the  electrical 
properties  of  a low-density  layer  of  an  insu- 
lator in  terms  of  secondary-electron  emission 
and  electron  conduction,  it  must  be  empha- 
sized that,  as  a result  of  the  fibrous  structure 
of  the  insulator,  98  to  99  percent  of  the 
volume  occupied  by  the  active  layer  is 
vacuunt  The  average  thickness  of  the  fibers  is 
estimated  to  be  approximately  100  ang- 
stroms. This  is  small  compared  with  the  mean 
free  path  of  low-energy  electrons  in  the  solid, 
and,  consequently,  there  is  a large  escape 
probability  for  secondaries  into  the  vacuum 
interstices  of  the  layer.  The  energy  absorption 
for  high-energy  primary  electrons  does  not 
appear  to  be  altered  when  compared  with  a 
solid  layer  of  equal  mass  thickness  and  should 
therefore  result  in  the  same  number  of  secon- 
dary electrons  produced  within  the  layer. 

In  operation,  the  low-density  film  is 
bombarded  with  primary  electrons  of  approx- 
imately 10-kiloelectron-volt  energy  incident 
on  the  aluminum-oxide  support  film.  Approx- 
imately 2 kiloelectron  volts  are  lost  in  pene- 
tiating  the  aluminum  oxide  supporting  layer 
and  the  aluminum  signal  plate.  For  the 
purpose  of  discussion,  we  assume  a uniform 
rate  of  ionization  across  the  tliickness  of  the 
potassium  chloride  (KQ)  layer,  which  is 
probably  a good  approximation  since  the 
peak  gains  are  normally  obtained  with 
SO-percent  transmission.  Figure  2 shows  the 
two  principal  modes  in  which  the  low-density 
film  can  be  operated. 

The  top  half  of  figure  2 schematically 
indicates  operation  as  a transmission  dynode 


Figure  2.  Operation  of  the  low-density  layer  in  the 
TSE  and  the  SEC  modes. 


for  secondary-electron  multiplication.  A 
primary  electron  beam,  with  charge  qp,  in 
passing  through  the  low-density  layer,  creates 
a certain  number  of  free  secondary  electrons, 
with  charge  qn,  which  have  a high  probability 
of  escaping  from  the  KG  fibers  into  the 
vacuum  interstices.  A fraction  of  these  elec- 
trons, with  charge  qg,  escape  through  the 
surface  and  are  collected  by  a positive  col- 
lector electrode.  Some  of  the  secondary  elec- 
trons, represented  by  charge  qjr,  will 
recombine  on  their  way  to  the  surface  with 
positive  charge  centers  left  behind  by  the 
emission  of  secondary  electrons  from  KQ 
particles  closer  to  the  surface.  Since  the 
escape  probability  will  be  higher  for  secon- 
dary electrons  generated  close  to  the  surface 
than  for  those  created  deeper  inside  the  layer, 
a positive  charge  will  be  established  near  the 
exit  surface. 

Under  continued  operation,  this  positive 
space  charge  will  intercept  an  additional 
portion  of  the  secondary  electrons  of  charge 
q^.,  coming  from  deeper  iaside  the  layer,  on 
their  passage  throu^  the  surface.  Under 
conditions  of  equilibrium,  the  charge,  q^, 
leaving  the  layer  has  to  be  replenished  by  an 
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equal  chai;ge,  q|,  supplied  from  the  signal 
plate.  The  balance  between  the  charge  gener- 
ated, q^,  and  the  charge  that  recombines  with 
positive  charge  centers  along  the  ionization 
path  of  tiie  primary  electrons,  qj-,  and  with 
the  positive  surface  charge,  q^,  can  be  re- 
garded as  the  mechanism  that  supplies  and 
regulates  charge  transport  across  the  layer. 
The  equation  qj  = qn  * fflr  ^c)  ^i  describes 
this  simplified  model.  While  the  quantity 
qn  * qr  describes  the  secondary-electron 
charge  approaching  the  surface,  and  is  there- 
fore representative  of  the  initial  secondary' 
emission,  the  term  q^  will  increase  with  t>me 
and  will  cause  the  secondary  emission  current 
to  drop  to  its  equilibrium  value.  Therefore, 
the  positive  charge  established  in  equilibrium 
at,  or  close  to,  the  surface  has  two  effects. 

1.  By  establishing  a field  across  the 
layer,  the  forward  velocity  of  secondary  elec- 
trons is  increased;  hence,  the  probabUity  is 
decreased  of  secondary  electrons  created  deep 
inside  the  layer  recombining  with  charge 
centers  left  by  secondary  electrons  emitted 
from  close  to  the  surface.  This  effect  seems  to 
increase  the  secondary  emission  ratio. 

2.  An  increase  in  the  positive  surface 
charge  will  decrease  the  escape  probability  for 
a secondary  electron  on  its  way  through  the 
surface.  Tto  will  have  a detrimental  effect  on 
high  secondary  emission  ratios.  The  net  result 
of  these  two  effects  is,  however,  an  increase  in 
the  steady-state  gain. 

Briefly,  this  indicates  that  a positive  sur- 
face charge  tends  to  decrease  the  exit  escape 
probability  for  secondary  electrons  but,  at  the 
same  time,  through  the  influence  of  the 
resulting  electric  field,  increases  the  mean  free 
path  of  secondary  elections  within  the  low- 
density  layer. 

Secondary-Electron  Conduction  Process 

The  lower  half  of  figure  2 shows  the 
operation  of  the  low-density  films  under  re- 
verse bias.  It  is  this  mode  of  opersti(m  that  is 
of  interest  in  camera-tube  applications.  The 
vacuum  side  of  the  low-density  layer  is  po- 
larized negatively  with  respect  to  the  conduo- 
five  signal  plate  by  scanning  it  with  a low 


energy  electron  beam  and  applying  a positive 
potential  to  the  signal  plate.  We  assume  that 
the  same  amount  of  energy  is  expended  by 
the  primary  electrons  in  creating  secondary 
electrons  as  m the  mode  of  operation  shown 
in  the  upper  half  of  figure  2.  The  internal 
electric  field,  however,  is  now  directed  so  a.s 
to  conduct  free  secondary  electrons  towards 
the  conductive  signal  plate.  The  significant 
difference  is  the  absence  of  any  residual^ 
steady-state,  positive  space  charge  within  the 
low-density  layer.  Therefore,  none  of  the 
secondary  electrons  with  charge  q$  will  be 
intercepted  by  such  a space  charge.  Again,  a 
certain  fraction  of  the  secondary  electrons 
with  charge  q^  will  recombine  with  positive 
charge  centers  left  behind  by  the  emission  of 
secondary  electrons  along  the  path  of  the 
initial  primary  electrons.  A tot^  charge  of 
4s  ~ qn ' qr  ^ reach  the  signal  plate,  thereby 
causing  a local  discharge  of  the  target,  which 
can  be  recharged  by  a periodic  scanning  of  the 
vacuum  side  with  the  low-energy  electron 
beam. 

Because  conduction  across  the  target  is 
due  to  the  internally  emitted  low-energy 
secondary  electrons,  the  effect  has  been 
termed  secondary  electron  conduction  (SEC). 
In  this  case,  the  electric  field  is  utilized  to 
increase  tlie  mean  free  path  of  secondary  elec- 
trons within  the  layer.  The  whole  process  is 
similar  to  field  enhanced  emission  except  that 
the  collected  charge,  q$,  does  not  have  to 
penetrate  a positive  charge  cloud.  In  the  SEC 
mode,  we  obtain  the  benefit  of  an  electric 
field  acting  on  the  mean  free  path  of  secon- 
dary electrons  without  having  to  pay  the  price 
of  secondary  electrons  recombining  with  a 
positive  surface  charge.  A higher  gain, 
G - qs/qrn  is  expected  for  the  SEC  mode  than 
for  the  tSE*  mode,  and  this  is  indeed  the 
case. 

Application  of  the  SEC  Target  to  Television 
Camera  Tubes 

The  SEC  target  has  been  successfully 
applied  to  television  camera  tubes. 
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Principle  of  Operation 

It  has  already  indicated  that,  in 
actual  cmplbynicn;,.^  f SEC  layer  serves  o.Jy 
the  purpose  of  sui<»fv'uig  a charge  stcmge 
surface  with  a 'dgh  charge-multiplication 
capability.  The  dUe'’'.icn  or  conversion  of 
ra^ation  into  ele>.  l ie  c;t:rge  is  accompli:  hed 
by  the  use  of  a ><.u2bie  photocathode.  Hie 
SEC  target  may  h ii.-  *d  with  various  pht  to- 
cathodes,  thui  pcir.iitt!  g the  devices  to  be 
tailored  to  :he  s.x'.ai  energy  available. 
Figure  3 show.--  the  i nponse  characteristics  of 
photocathodes  that  L vs  been  used  with  SEC 
targets. 


Figure  3.  Phoh<athodes  used  in  SEC  tubes. 


Because  the  oi«ration  of  the  SEC  target 
is  independent  of  the  particular  detecting  sur- 
face employed,  it  it  only  necessary  to  con- 
sider the  influence  of  an  incident  electron 
stream  and  a readint  beam  in  order  to  de- 
scribe the  mode  of  operation  of  the  target. 


Figure  4 is  a schematic  of  the  SEC  target 
and  shows  the  currents  involved  in  its  opera- 
tion. The  photocurrent  is  incident  from  the 
left  and  the  scanning  readout  beam  from  the 
right.  Under  normal  operation,  with  the  target 
signal  plate  at  a small  positive  potential,  Vj, 
the  scanning  beam  charges  the  target  surface 
to  ground  potential  and  thus  establishes  an 
electric  field  within  the  low-density  KG  layer. 
The  layer  is  then  bombarded  by  photoelec- 
trons having  an  energy  of  from  6 to  10  kilo- 
electron  volts.  If,  on  the  average,  30  electron 
volts  are  sufficient  for  each  excitation,  the 
energ>'  dissipated  in  the  low-density  layer  is 
sufficient  to  generate  as  many  as  200  to 
300  secondary  electrons  per  incident  photo- 
electron. Because  of  the  internal  electric  field, 
the  secondary  electrons  are  conducted 
through  the  voids  of  the  layer  to  the  signal 
plate,  thereby  discharging  the  target  layer. 


Figured.  Sdunutk  diagram  of  the  SEC  target 

Recharging  of  the  target  layer  by  the  scanning 
beam  provides  the  video  signal.  This  com- 
bined reading  and  priming  process  is  similar  to 
that  of  the  vidicon.  Unlike  the  vidicon,  how- 
ever. the  charge  transport  involved  in  writing 
is  accomplished  by  secondary  electrons  mther 
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than  by  electrons  in  the  conduction  band. 
Another  significant  difference  is  that  the  SEC 
layer  can  charge  positive  with  respect  to  the 
signal  plate.  If  an  exposure  is  continued  until 
the  electric  field  across  the  target  is  suffi- 
ciently small,  charging  by  transmission  secon- 
dary emission  becomes  significant.  This 
electron  flow,  shown  in  figure  4 as  1$,  can 
drive  the  surface  of  the  target  beyond  the 
signal-plate  potential  toward  the  suppressor 
grid  potential,  Vg . 

Performance  Characteristics 

The  manner  in  which  the  signal  is  de- 
veloped can  be  explained  with  the  aid  of 
figure  5.  Here,  the  target  gain,  defined  as  the 
signal  charge  divided  by  the  input  charge,  is 
plotted  as  a function  o>~  the  sig'ial  ulate  or 
target  potential  Vt.  This  curve  applies  to  small 
signals;  that  is,  signals  producing  only  a small 
voltage  excursion  of  the  target  surface. 

As  shown  in  figure  5,  the  gain  is  200  at  a 
target  potential  of  about  35  volts.  At  higher 
potentials,  the  target  shows  higl;er  gain  due  to 
the  onset  of  electron-bombardment-induced 
conductivity,  but  under  these  conditions  the 
response  time  is  poor;  and  there  are  nonuni- 
formities in  the  output  signal.  At  these  higher 
electric  fields,  the  target  shows  a sig.iificant 
dark  current.  Thus,  the  maximum  target  po- 
tential is  limited  to  about  30  to  SO  volts, 
depending  on  the  target  thickness. 

The  SEC  gain  decreases  diarply  as  the 
target  potential,  and  therefore  the  electric 


Tor^tt  Voltogt,V|> 

Flgufe  5.  StnaiU  signd  target  gain  as  a fiaietbm  of 
target  eohage. 


field  within  the  SEC  layer,  is  reduced.  The 
gain,  however,  remains  finite  at  zero  and  also 
negative  target  potentials.  This  is  the  result  of 
charging  by  electrons  that  escape  from  the 
exit  surface  and  are  collected  by  the  suppres- 
sor mesh.  At  negative  target  potentials,  the 
gain  depends  on  the  electric  field  at  the  exit 
surface.  This,  in  turn,  is  dependent  on  the 
potential  difference  between  the  suppressor 
grid  and  the  signal  plate.  Tlie  gain  ultimately 
goes  to  zero  when  the  target  exit  surface 
reaches  its  equilibrium  value. 

The  small-signal  gain  curve  can  be  used 
to  determine  the  average  gain  for  large  signals. 
For  example,  at  a target  potential  of  30  volts 
for  a small  signal,  figure  5 gives  a gain  of  150. 
If  the  input  signal  is  increased  so  that  a 
1 0-volt  potential  change  is  developed  on  the 
target  surface,  the  potential  across  the  SEC 
layer  at  the  end  of  the  integration  time  will  be 
30  minus  10,  or  20  volts.  At  this  point,  the 
small-signal  gain  corresponds  to  that  shown 
on  the  curve  for  a 20-voIt  target  potential  or 
about  70.  The  average  gain  for  the  10-volt 
excursion  is  about  1 10. 

In  addition  to  the  influence  of  the  target 
potential  on  the  SEC  target  gain,  it  is  clear 
that  the  kinetic  energy  of  the  incoming 
photoelectrons  plays  a significant  role.  As 
increasing  amounts  of  kinetic  energy  are 
dissipated  within  the  SEC  layer,  the  pro- 
duction of  secondary  electrons  increases  and 
so  does  the  gain.  In  fact,  if  the  average  excita- 
tion enesgy  for  a secondary  electron  is  con- 
sidered to  be  independent  of  primary  electron 
energy,  the  SEC  target  gain  would  incir^ae 
linearly  with  the  incoming  electron  energy  at 
a fixed  target  potential.  This  actually  occurs; 
it  is  shown  in  figure  6 where  the  gain  has  been 
normalized  to  unity  at  the  energy  corre- 
sponding to  the  maximum  gain,  which  occurs 
at  about  8 kiloelectron  volts.  At  higher 
energies,  a significant  fraction  of  the  incident 
electrons  penetrates  the  ent*  e target,  and  the 
energy  di^pated  in  the  SEC  ^uget  b^ins  to 
fall  off.  At  quite  low  incident  electron 
energies  ^he  dissipation  of  energy  in  the 
aluminum  oxide  and  aluminum  layers  is 
responsible  for  the  threshold  at  several  ldl> 
electron  volts. 
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the  input  sensor  or  target  input  current,  to 
the  corresponding  signal  current  derivable 
from  the  target.  Important  to  the  nature  of 
this  relationship  are  the  target  gain,  target 
storage  capacitance,  and  mode  of  signal  read- 
out. A typical  transfer  curve  for  the  SEC 
target  is  shown  in  figure  7.  This  curve  shows 
the  video  signal  current  versus  photocurrent 
density  for  a target  with  a storr.ge  capacity  of 
about  200  picofarads/cm^  and  was  measured 
at  a 525-line,  30-frame-per-second,  scanning 
rate.  The  slope  of  the  curve  is  very  nearly 
unity  over  a range  of  two  orders  of  magnitude 
in  input  current.  In  this  linear  region  of  the 
curve,  the  average  target  gain  is  nearly 
constant  and  equal  to  about  100,  At  input 
currents  greater  than  about  SxlO**® 
amperes/cm*,  the  target  approaches  satu- 
ration, and  the  slope  of  the  curve  tends  to 
zero. 

Photocothodt  Illuminotion  in  Foot-Condlts 
( 100  /tA  / Lumen  ) 


Figure  6.  Relative  gain  as  a function  of  primary 
voltage  at  a constant  target  voltage. 

Transfer  Characteristic.  Perhaps  the  most 
important  characterization  of  a charge-storage 
target  or  of  a camera  tube  is  the  transfer 
characteristic.  This  relates  the  input  infor- 
mation, whether  in  terms  of  illumination  on 


Figure  7.  SEC  target  transfer  curve. 
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For  most  applications,  the  maximum 
voltage  excursion  is  limited  by  the  first  cross- 
over for  secondary-electron  emission  in  reflec- 
tion. With  the  KCl  target,  first  crossover 
occurs  at  a scan-beam  landing  energy  of  about 
15  electron  volts.  At  greater  energies,  the 
scanning  beam  will  not  charge  the  target  to 
ground  but  instead  will  drive  its  surface  more 
positive,  in  order  to  avoid  this  possibility,  the 
suppressor  grid  is  normally  operated  at 
1 5 volts.  If  a higher  voltage  is  applied  to  the 
signal  plate,  the  target  surface  may,  by 
secondary-electron  conduction,  exceed  first 
crossover  potential.  The  scanning  beam  will 
still  return  the  target  to  ground  because  the 
reflected  secondaries  it  generates  will  be 
repelled  by  the  15-voIt  suppressor  grid;  how- 
ever, because  beam  bending  becomes  signifi- 
cant for  large  voltage  excursions,  the 
maximum  useful  excursion  is  about  10  volts, 
corresponding  to  a signal  current  of  about 
1 O'"'  amperes.  Depending  on  the  preamplifier 
noise  current,  this  gives  a dynamic  range  of 
approximately  100  for  large  area  signals. 

Response  Time.  In  order  to  maintain 
high  sensitivity,  a camera-tube  target  must 
exhibit  a fast  response.  The  signal  current  is  at 
maximum  when  all  the  charge  stored  in  the 
target  during  the  integration  period  is  read 
out  in  a single  frame.  In  addition,  a fast  re- 
sponse eliminates  the  after-image  effect  of  a 
moving  object.  With  the  SEC  target,  very  fast 
response  is  achievable,  and,  generally,  the 
charge  remaining  in  the  target  is  reduced  to 
only  several  percent  of  the  original  value  in 
the  third  field  readout.  The  response  time, 
however,  is  influenced  by  the  magnitude  of 
the  charge  density  originally  stored  in  the  tar- 
get and  the  target  storage  capacity.  For  very 
low  charge  densities,  which  result  in  quite 
small  excursions  of  the  target  surface  poten- 
tial, the  response  time  increases  due  to  the 
small  but  finite  energy  distribution  of  the 
electrons  in  the  scanning  readout  beam. 

Storage  Capacity.  As  long  as  discharge 
lag  is  avoided,  it  is  otherwise  desirable  to  have 
a large  storage  capacity.  There  are  two  reasons 
for  this.  First,  for  a given  permissible  voltage 
excursion,  hi^er  target  capacity  provides  a 
larger  signal  current  and,  therefore,  better 


signaFto-noise  ratios  and  larger  dynamic 
range.  Second,  a more  fundamental  reason  is 
that,  in  order  to  obtain  high  resolution  with 
low  contrast  scenes,  it  is  necessary  to  store  a 
charge  representing  a large  number  of  pho- 
tons. This  means  that  either  a low  target  gain 
or  a large  storage  capacity  is  required. 

The  capacity  of  the  SEC  target  has  been 
measured  by  determining  the  signal  charge 
and  the  voltage  excursion  for  a given  area. 
The  voltage  excursion  was  measured  by  inte- 
grating a signal  and  by  reducing  the  target  volt- 
age before  readout.  The  reduction  required  in 
order  to  reach  the  threshold  of  beam  landing, 
as  observed  on  a monitor,  gives  directly  the 
voltage  excursion.  Capacity  measurements  for 
two  targets  are  shown  in  figure  8,  where  the 
capacity  per  unit  area  is  plotted  as  a function 
of  target  voltage.  The  upper  curve  was  mea- 
sured on  a target  that  was  about  15  microm- 
eters thick,  corresponding  to  a mass  thickness 
of  35  /xg/cm* . The  increase  in  capacity  with 
increasing  target  voltage  can  be  explained  by 
the  fact  that,  in  charging  the  target,  the  scan- 
ning beam  electrons  come  under  the  influence 
of  the  internal  electric  field  and  can  therefore 


Figure  8.  Target  capacity  as  a Junction  of  signal  plate 
voltage  for  two  targets  of  deferent  thickness. 
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penetrate  a significant  fraction  of  the  potas- 
sium chloride.  Since  higher  target  voltages  re- 
sult in  higher  internal  fields,  the  penetration 
increases  with  increasing  target  voltage, 
thereby  resulting  in  a higher  effective  capac- 
ity. At  low  target  voltages,  we  would  expect 
the  charge  to  be  deposited  very  near  the  sur- 
face and  the  capacity  to  be  given  by  the  target 
thickness.  For  a 15-micrometer-thick  target, 
the  calculated  capacity  is  about  60  pico- 
farads/cm^ , showing  good  agreement  with  the 
curve. 

The  lower  curve  was  measured  on  a 
thicker  target.  Its  relatively  slight  dependence 
on  voltage  can  be  explained  by:  (1)  at  a given 
target  voltage,  the  electric  field  within  the 
layer  is  smaller  for  this  thicker  target;  and 
(2)  the  absolute  distance  the  scanning  beam 
can  penetrate  for  a given  field  represents  a 
smaller  fraction  of  the  total  thickness. 

Typical  targets  have  a mass  thickness  of 
about  50  micrograms/cm^  and  are  normally 
operated  at  a target  voKage  of  from  15  to 
25  volts.  The  capacity  for  such  targets  ranges 
from  100  to  1 50  picofarads/cm^ . For  a 
voltage  excursion  of  1 0 volts,  this  corresponds 
to  a stored  charge  of  about  8x10^  photo- 
electrons/cm^ . Depending  on  the  gain  re- 
quired, this  means  that  the  SEC  target  can 
store  from  several  times  10^  to  10®  photo- 
electrons/cm 

Integration.  In  applications  involving  the 
detection  of  static,  low-light-level  scenes,  the 
ability  to  integrate  for  long  periods  is  ex- 
tremely useful.  The  long  integration  times 
possible  with  the  SEC  target  are,  perhaps,  its 
most  outstanding  feature.  The  video  signal 
obtained  from  integrating  a constant-light- 
level  input  signal  for  various  times  is  shown  in 
figure  9.  With  the  integrating  times  of  2,  4, 
and  8 minutes,  the  signal  increases  almost 
linearly  with  exposure  time;  this  results  in  a 
transfer  curve  identical  to  that  obtained  when 
the  integration  time  is  held  constant  and  the 
light  level  is  increased.  Such  reciprocity  is 
possible  because  of  the  high  resistivity  of  the 
layer.  A lower  limit  for  the  resistivity  was 
established  by  integrating  any  possible  back- 
ground signal  due  to  target  leakage.  The  inte- 


gration was  continued  for  1.5  hours  at  a 
target  potential  of  30  volts.  Whatever  leakage 
did  occur  during  the  integration  time  was  not 
sufficient  to  generate  a detectable  video  sig- 
nal. Since  a 2-volt  signal  could  easily  have 
been  detected,  this  means  that  the  resistivity 
of  the  SEC  layer  is  greater  than  10*®  ohm- 
centimeters. 

Integration  time 


8 min 


Figure  9.  Integrated  video  signal  for  various  exposure 
times. 

The  ability  to  integrate  for  long  periods 
implies  that  long  storage  times  are  possible,  in 
one  experiment,  a signal  was  stored  for 
48  hours  and  showed  no  deterioration.  It  is 
very  likely  that  much  longer  storage  times  are 
possible. 

Resolution.  The  highest  resolution  that 
has  been  measured  in  an  SEC  camera  tube  so 
far  is  about  1 500  TV  lines  per  inch.  This  was 
limited  primarily  by  the  scanning  section  of 
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the  tube.  Higher  resolution  has  actually  been 
obtained  in  an  optically  scanned  tube  and  is 
described  further  on  in  this  paper.  Because  of 
the  very  high  resistivity  of  the  target,  it  seems 
likely  that  its  intrinsic  resolution  capability 
will  be  limited  by  electron  scattering  rather 
than  by  leakage.  Thus,  ultimate  resolutions  of 
3000  to  4000  TV  lines  per  inch  should  be 
obtainable. 

Halation.  Any  image  tube  that  employs 
energetic  electrons  from  a photocathode  for 
charging  the  storage  target  will  exhibit  hala- 
tion to  some  extent.  Halation  is  most  ap- 
parent when  a tube  is  driven  into  saturation 
by  an  intense  signal.  This  is  a consequence  of 
the  ejection  of  secondary  electrons  from  the 
target.  In  the  operation  of  the  SEC  target, 
there  are  always  some  emitted  secondary  elec- 
trons directed  away  from  the  exit  surface, 
and,  in  principle,  due  to  the  influence  of  the 
suppressor  mesh,  these  should  be  redistributed 
on  the  exit  surface.  Because  of  the  voltage 
excursion  of  about  IS  volts  required  to  satu- 
rate the  SEC  target,  the  emitted  secondaries 
are  not  sufficiently  energetic  to  be  distributed 
on  the  uncharged  regions  and  thus  return, 
essentially,  to  their  point  of  origin;  therefore, 
halation  is  not  discernable  in  SEC  tubes. 

SEC  Tube  Types 

Since  the  inception  of  the  SEC  principle, 
a wide  variety  of  camera  tubes  have  been 
developed  and  produced.  Many  were  de- 
veloped for  speciflc  purposes,  such  as  the 
Uvicon  for  project  Celescope  and  the  SEC 
tube  specifically  designed  for  the  hand-held 
lunar  camera.  Other  tube  types  developed  for 
general  low-light-level  television  applications 
make  up  the  bulk  of  SEC  tube  production. 

Figure  10  illustrates  the  general  config- 
urations and  types  of  SEC  tubes  presently 
being  produced  on  a regular  basis.  The  tube  to 
the  extreme  right  has  an  electrostatic  image 
section  and  an  electronic  zoom  capability  of  2 
to  1.  The  second  tube  from  the  right  uses  a 


Figure  16.  SEC  camera  tube  types. 

magnetic  image  section  and  is  characterized 
by  superior  performance  in  resolution  and 
geometric  fidelity.  Both  of  the  two  tubes  to 
the  left  use  a diode  type  of  electrostatic  image 
section  and  differ  only  in  size;  namely, 
25-millimeter  and  40 -millimeter  photocath- 
ode diameters. 

Aside  from  their  performance  capabili- 
ties, certain  general  features  of  the  tubes 
should  be  mentioned. 

Suppressor  Mesh.  All  standard  SEC  tubes 
employ  a suppressor  mesh  in  close  proximity 
to  the  exit  surface  of  the  SEC  target.  The 
suppressor  mesh  is  not  basic  to  the  operation 
of  the  SEC  target  but  is  used  primarily  to 
limit  the  potential  excursion  of  the  target 
under  hig^  signal  conditions  and  to  prevent 
crossover.  Crossover  is  the  result  of  the  SEC 
target  surface  attaining  a potential  such  that 
its  secondary-electron  emission  ratio  is  greater 
than  unity  when  scanned  by  the  reading 
beam.  Under  this  condition,  the  scanning 
b 7am  does  not  deposit  electrons,  and  the  tar- 
get surface  cannot  be  returned  to  its  normal 
operating  condition  at  gun  cathode  potential. 
In  addition,  the  suppressor  meih  eliminates 
the  possibility  of  electrical  breakdown  due  to 
excessively  high  electric  fields  and  thus  pro- 
tects the  target.  For  some  applications  in 
which  the  tubes  are  operated  under  well- 
defined  conditions,  the  suppressor  mesh  has 
been  eliminated. 
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Generally,  the  suppressor  mesh  degrades 
the  aperture  response  of  the  tube  from  what 
would  otherwise  be  achievable.  It  also  in- 
creases the  target  shunt  capacity. 

Image  Section  Focus.  Both  electro- 
magnetic- and  electrostatic-focus  image  sec- 
tions are  employed  in  SEC  tubes.  The  highest 
quality  imaging  is  generally  obtainable  with 
magnetic  focusing;  however,  this  method 
leads  to  a cumbersome  and  heavy  system. 

Electrostatically  focused  image  sections 
that  permit  compact  and  lightweight  equip- 
ment appear  to  be  the  most  desired.  For  most 
types  of  tubes,  the  electrostatic  image  section 
is  of  the  diode  type  with  electro-optical  mini- 
flcation  between  the  photocathode  and  the 
charge-storage  target.  With  a diode  type  of 
image  section,  electro-optical  focusing  is  in- 
dependent of  the  photocathode  potential. 
Thus,  automatic  gain  control  is  possible  by 
electronically  adjusting  the  image  section 
potential  with  reference  to  the  average  video 
signal  over  a television  frame. 

Departing  from  the  simple  diode  type  of 
image  section,  we  find  that  electrostatic  fo- 
cusing offers  the  opportunity  of  incorporating 
electronic  zoom  into  the  camera  tube. 

Gun  Focus  and  Deflection.  Four  com- 
binations of  focus  and  deflection  methods  are 
generally  available. 

1.  Magnetic  focus  and  magnetic  deflec- 
tion. This  method  generally  provides  the  high- 
est center  and  comer  resolution  but  requires 
the  most  electrical  power. 

2.  Magnetic  focus  and  electrostatic  de- 
flection. This  method  provides  quality  com- 
parable to  combinatiop.  # 1 and  requires 
slightly  less  power.  Its  chief  advantage  is  the 
potentially  short  gun  length. 

3.  Electrostatic  focus  and  magnedc  de- 
flection. With  this  combination,  intermediate 
resolution  is  achievable  while  power  require- 
ments are  moderate. 
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4.  Electrostatic  focus  and  electrostatic 
deflection.  This  combination  requires  the 
least  consumption  of  electrical  power  but 
provides  poorer  resolution  capability  than  the 
other  methods. 

SEC  Tube  Performance  Characteristics. 
The  general  performance  of  SEC  tubes  can  be 
assessed  from  that  of  the  smallest  tube  shown 
in  figure  10.  This  tube,  designated  WL-30691, 
uses  a 1-inch  vidicon  type  of  gun,  employing 
magnetic  deflection  and  magnetic  focus  and  a 
16-n  llimeter-diameter  SEC  target.  The  larger 
tubes  offer  higher  performance,  which  can  be 
estimated  by  simple  scaling. 

The  transfer  curve  for  the  WL-30691 
based  upon  production-run  tubes  is  shown  in 
figure  11.  The  tube  is  intended  for  operation 
from  approximately  IC*  to  10"*  foot-candle 
photocathode  illumination  The  linear  portion 
of  the  transfer  curve  indicates  a gamma  of 
close  to  unity.  It  can  also  be  seen  that  satura- 
tion takes  place  around  lO"*  foot-candle  with 
a knee  type  of  characteristic  similar  to  that  of 
the  image  orthicon.  A signal  current  of 
150  nanoamperes  is  delivered  at  a photo- 
cathode illumination  of  about  5 x 10"®  foot- 
candle. 


Figure  11.  Transfer  characteristic  (WL-30691 ). 

Since  SEC  tubes  were,  until  recently, 
almost  exclusively  used  for  extreme  low-light- 
level  television,  particular  care  was  taken  to 
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reduce  lag  as  much  as  possible  by  proper  ad- 
justment of  target  parameters.  Figure  12 
shows  the  temporal  response  as  a function  of 
signal  current.  The  residual  signal  was  mea- 
sured in  the  third  Held,  corresponding  to 
50  milliseconds  after  the  illumination  was 
removed.  Under  norma)  operating  conditions 
the  lag  in  the  third  field  is  only  about 
5 percent  and  due  only  to  discharge  lag.  There 
is  no  build-up  lag.  A further  improvement 
could  be  obtained  at  the  sacrifice  of  storage 
capacity,  if  necessary.  The  performance  indi- 
cated in  figure  12,  however,  makes  it  possible 
to  use  an  SEC  tube  for  such  demanding  appU- 
cations  as  field  sequential  color  transmission 
at  a scan  rate  of  180  frames  per  second. 


Figure  12.  Lag  characteristic  (WL'30691/. 


Combining  the  information  contained  in 
figures  1 1 and  1 2 with  a resolution  measure- 
ment gives  an  indication  of  the  practical  sensi- 
tivity, shown  in  figure  13.  Discemable 
resolution  for  a black-and-white  bar  pattern  is 
plotted  as  a function  of  photocathode  illumi- 
nation. The  three  curves  are  for  a static  condi- 
tion and  for  the  cases  where  an  image  point 
traverses  the  picture  width  in  a period  of  20 
and  10  seconds.  An  increase  in  illumination  of 
about  2]^  times  and  times,  respectively,  is 
needed  for  the  20 second-  and  the  lO^ond- 
pe^picture*width  movement.  When  the  image 


moves  much  faster  than  10  seconds  per  pic- 
ture width,  the  results  are  dominated  by  sig- 
nal mixing  on  the  target  due  to  exposure 
smear  and  are  therefore  not  very  meaningful 
in  evaluating  the  basic  dynamic  performance 
of  a camera  tube. 

The  loss  in  sensitivity  due  to  cither 
camera  or  object  movement  must  be  con- 
sidered for  low-light-level  television.  In  addi- 
tion, very  few  practical  scenes  contain 
100-percent-contrast  objects;  hence,  even 
greater  sensitivity  is  required  to  view  real 
scenes  under  starlight  conditions,  for  example. 


Figure  13.  Static  and  dynamic  sensitivity 
(WL-30691). 


IntensifterSEC  Tube  Combination.  The 
SEC  tube  alone  is  not  sensitive  enough  for 
televising  night  scenes.  This  problem,  how 
ever,  can  be  overcome  with  the  addition  of 
one  stage  of  image  intensification  coupled 
fiber-optically  to  the  camera  tube. 

Figure  14  shows  such  an  assembly  in- 
tended for  nighttime  television.  The  image 
intensifier  is  of  the  40/25  millimeter  variety 
with  an  S-2S  photocathode  on  fiber  optics. 
Figure  1 5 shows  the  performance  of  this  com- 
bination in  television  lines  per  picture  height 
plotted  against  faceplate  iUumination  in  foot- 
candles  for  100-percent  scene  contrast  (solid 
lines)  and  30-percent  scene  contrast  (dotted 
lines).  Both  contrast  measureiments  were 
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Figure  14.  Image  intensifierlSEC  camera  tube 
combination  (WL-32000). 


made  for  static  scene  conditions  (upper 
curves)  as  well  as  for  a 20-second-per-picture- 
width  movement  (lower  curves).  In  most 
cases,  one  must  contend  with  low  contrast, 
dynamic  conditions.  These  curves  indicate 
that  the  intensifier/SEC  combination  de- 
scribed is  a practical  device  for  nighttime 
viewing.  A combination  of  larger  tubes  could 
be  used  to  improve  this  performance  even 
furth'.' 

Spt  ’ Experiments  with  the  SEC  Target 

!n  the  preceding  sections,  the  operation 
of  the  SEC  targe  ^performance  character- 
istics of  SEC  tubes  were  described.  For  the 
most  part,  the  characteristics  of  the  target  and 
tubes  were  derived  from  standard  test  pro- 
cedures in  which  test  patterns  or  scenes  that 
simulated  the  usual  operating  conditions  for 
the  tubes  were  imaged.  It  is  not  always  pos- 
sible in  such  tests,  however,  to  ascertain  the 
ultimate  performance  of  the  SEC  devices  nor 
to  predict  how  the  tubes  will  operate  under 
unusual  conditions.  To  achieve  a more 
thorough  understanding  of  the  SEC  target 
capabilities  and  limitations  and  to  extend  the 
SEC  target  to  use  in  very  high  performance 
devices,  it  was  necessary  to  perform  special 
experiments,  described  in  the  following  para- 
graphs. 
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Figure  15.  Intensifierlcamera  tube  seraittvity. 


The  Optically-Scanned  SEC  Camera  Tube 

The  optically-scanned  SEC  camera  tube 
is  a photoelectronic  device  developed  to  offer 
an  dtemative  to  the  use  of  photographic 
emulsion.  This  device  requires  the  following 
three  features: 

1.  A photocathode  with  high-quantum 

yield 

2.  An  electrical  storage  element  with 
high  integration  capability  and  storage  ca- 
pacity 

3.  Resolution  approaching  that  of  a 
coarse  photographic  emulsion. 


» 
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The  optically-scanned  tube  was  designed, 
for  simplicity,  to  record  one-dimensional 
images  such  as  the  line  images  present  at  the 
output  of  a spectrometer.  Figure  1 6 shows  a 
schematic  of  the  tube  and  scanning  system. 
High  resolution  is  obtained  by  use  of  mag- 
netic focusing.  Because  of  the  intense  mag- 
netic field,  electromagnetic  deflection  of  the 
read  beam  is  not  desirable;  therefore,  the 
read-beam  source  was  chosen  to  be  a photo- 
cathode; and  the  read  beam  scanning  was 
accomplished  by  an  external  optical  scan  of 
the  read  photocathode. 

In  operation,  light  from  the  scene  is 
focused  onto  the  write  photocathode.  The 
electrons  released  from  this  are  accelerated 
toward  the  target  by  a primary  potential  dif- 
ference of  between  S and  lOl^ovolts.  The 
primary  electrons  passing  through  the  signal 
plate  produce  an  amplified  charge  image  on 


the  surface  of  the  SEC  target.  The  charge  is 
then  read  out  by  scanning  the  low-velocity 
electron  beam  across  the  insulating  layer. 

The  low-velocity  scanning  beam  is  gen- 
erated by  projecting  the  image  of  a narrow  slit 
onto  the  read  photocathode.  Deflection  of 
the  slit  across  the  read  photocathode  gen- 
erates the  scanning  read  beam. 

A complete  cycle  of  operation  proceeds 
in  the  following  manner.  During  integration, 
the  reading  section  is  turned  off  by  applying  a 
positive  voltage  to  the  read  photocathode. 
After  integration  has  been  completed,  the 
read  photocathode  is  returned  to  a potential 
of  -20  volts,  and  the  reading  beam  discharges 
the  target.  This  operation  is  followed  by  the 
flooding  of  the  whole  target  with  thv  flood 
lamp  shown  in  figure  16.  Since  only  a portion 
of  the  target  is  scanned  by  the  slit  image,  a 


figure  16.  Schematic  of  optical  teambigay^em. 
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flooding  operation  has  to  be  introduced 
between  the  read  and  write  cycles  in  order  to 
discharge  those  portions  of  the  target  which 
have  not  been  discharged  during  readout. 

Because  resolutions  approaching  those  of 
photographic  emulsions  were  desired,  experi- 
ments with  the  optically-scanned  SEC  tube 
were  earned  ( ^ to  determine  resolution  limi- 
tations and  to  measure  the  signal-to-noise 
ratio  of  the  tube.  No  attempt  was  made  to 
operate  at  low  illumination  levels  nor  to  de- 
termine the  absolute  sensitivity  of  the  tube. 

Experimentally,  a bar  pattern  with  in- 
creasing line  numbers  was  projected  onto  the 
write  photocathode  in  such  a manner  as  to 
give  10  steps  in  resolution  in  increments  of 
4 line  pairs  per  millimeter,  starting  with  4 line 
pairs  per  millimeter  and  progressing  to  40  line 
pairs  per  millimeter.  The  signal  was  read  out 
and  displayed  on  a storage  oscilloscope  from 
which  it  was  photographed.  Figure  17  is  a 
typical  photograph.  The  upper  trace  shows 
the  full  test  pattern;  the  lower  trace  shows  an 
expanded  view  of  the  higher  line  numbers. 
From  these  traces,  the  modulation  as  a func- 


Flgun  17.  Outimt  signal  (opikatty’seanned  SEC 
camera  tube). 


537 

tion  of  line  number  as  well  as  the  signal-to- 
noise  ratio  can  be  obtained. 

Figiire  18  is  a plot  of  the  response  as  a 
function  of  spatial  frequency.  The  upper 
curve  is  the  square-wave  response  as  it  was 
obtained  from  fif;ure  17.  The  lower  curve  is 
the  sine-wave  response  computed  from  the 
upper  curve.  Both  the  square-wave  and  sine- 
wave  responses  are  close  to  3 percent  at 
40  line  pairs  per  millimeter. 


Figure  18.  Response  factors  (optkatty-scanned  SEC 
camera  tube). 


From  figure  1 7,  a signal-to-noise  ratio  of 
only  about  SO  was  obtained.  This  was  for 
l.S-millimeter-long  bars  projected  onto  the 
write  photocathode.  For  an  appraisal  of  the 
instrument  as  a practical  device  for  use  with  a 
spectrometer,  bars  8 millimeters  long  were 
employed.  For  this  experiment,  the  signal-to- 
noise  ratio  as  a function  of  line  number  is 
shown  in  figure  19.  It  may  be  noted  that  a 
signal-to-noise  ratio  of  25  can  be  obtained  at 
30  line  pairs  per  millimeter  and  a ratio  of  10 
at  40  line  pairs  per  millimeter. 

To  assess  the  resolution  performance  of 
tlie  SEC  target,  it  was  necessary  to  determine 
the  sine-wave  responses  of  the  various  parts  of 
the  system.  These  are  shown  in  flgure20. 
From  these  and  from  the  response  of  the 
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Figure  19.  Signal-to-noise  ratio  as  a function  of  line 
number. 


Ftpire  20.  Response  factors  of  the  various  tube  and 
system  components  (opticaify'Scanned  SBC  camera 
tube). 


entire  system,  the  lower  limit  of  SEC  target 
response  (fig.  21 ) was  calculated. 

Experiments  with  the  optically>scanned 
SEC  camera  tube  demonstrated  the  high  re»> 
olution  potential  of  the  SEC  target  and,  in 
addition,  the  potmtisl  of  the  system  fcnr 
achieving  the  high  resolution  and  the  hi^ 
signal-to-noise  ratio  required  for  efficient 
recording  of  optical  information. 


Figure  21.  Computed  fewer  Urnit  of  the  SEC  target 
response. 


Point  Source  Imaging  with  the  SEC  Target 

In  astronomical  applications  where  stel- 
lar objects  appear  as  weak  point  sources,  a 
camera  tube  ^ould  be  capable  not  only  of 
detecting  point  sources  but  also  of  measuring 
their  intensity  with  reproducible  accuracy.  To 
determine  the  capability  of  camera  tubes 
employing  SEC  targets  to  fulfill  this  function, 
it  was  necessary  to  measure  sensitivity,  reci- 
procity at  low  electron  fluxes,  photometric 
range,  and  reproducibihty. 

Measurements  were  made  using  the 
Westin^ouse  Uvicon  camera  tube.  This  is  an 
ultraviolet-sensitive  SEC  tube  employing  dec- 
trostatic  focus  and  electrostatic  deflection. 
The  tube  was  designed  for  the  Celescope 
experiment  on  the  Smithsonian  Astrophysical 
Otmrvatory  and  does  not  employ  a sup- 
pressor mesh.  The  photocathode  was  of  the 
cesium-iodide  type  on  a lithium-fluoride  win- 
dow and  thus  exhibited  very  low  thermionic 
emission. 

To  form  a point-source  image  <m  the 
photocathode,  an  opaque  scr^r4  with  a 
45-micrometer-diameter  aperture  is  placed 
over  the  lithium-fluoride  faceplate  of  the 
camera  tube.  The  aperture  is  illuminated  by  a 
small  ultraviolet  source  fitted  with  a mechani- 
cal shutter.  Electron  optical  demagnification 
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in  the  image  section  of  the  tube  gives  a geo* 
metrical  image  size  of  25  micrometers  at  the 
target,  but  aberrations  in  the  tube  increase 
this  value  to  a minimum  diameter  of  50  mi- 
crometers at  the  half  intensity  point.  Thus, 
the  conditions  for  true  point-source  imaging 
are  met,  since  the  image  size  is  determined  in 
all  cases  by  the  performance  of  the  camera 
tube  and  not  by  the  diameter  of  the  faceplate 
aperture  nor  by  the  size  and  distance  of  the 
ultraviolet  source.  The  intensity  of  the  point- 
source  image  is  found  by  measuring  the 
photoelectron  current  with  the  image  section 
of  the  tube  operated  as  a photodiode.  A range 
of  known  photoelectron  flux  is  obtained  by 
calibrating  the  source-tc-fac  distance. 

The  camera  ciiair  empu/yeO  o 525-line, 
30-frame-pereecond,  noninteriaced  scan.  The 
video  system  had  a bandwidth  of  2 megahertz 
and  an  equivalent  ims  noise  current  at  the 
amplifier  input  of  2 x KT’  angstroms.  The 
experiments  are  carried  tn**  ’ y exposing  the 
image  section  fc»  predetennined  intet 
vals  with  the  reading  beam  shi*''  c'i.  I ollow- 
ing  each  exposure,  a sini^e  fra/  ' ? is  i *.ad  out, 
and  the  signal  current  is  disp<  .vei  o;.i  - » oscU- 
loscope  and  photographed. 

To  obtain  hi^  sensitivity,  it  is  n«^c-..«sary 
to  increase  the  target  voltage  between  integra- 
tion and  readout.  Scanning  of  the  SEC  target 
before  integration  commences  drives  the  ta^ 
get  surface  below  gu)i  cathode  potential.  This 
effect  is  cau.sed  by  the  small  fraction  of  beam 
electrons  that  have  large  thermionio-emiaiion 
energies.  If  the  pcxiitive  charge  that  develops 
on  the  target  during  integration  is  small,  it 
may  not  be  suflkient  to  drive  the  target  sur- 
face potential  to  a positive  value  that  will 
permit  readout  the  majority  of  the  elec- 
trons in  the  reading  beam. 

Loss  of  small  signals  in  this  tvay  is 
avoided  by  increasing  the  target  potential  by 
about  2vdts  before  readout.  The  result  of 
this  operation  is  deariy  seen  in  figure  22, 
where  the  miniimim  ^tectaUe  signal  (in 
photoelectrons),  No>  is  plotted  u a ftmction 


figure  22.  Minimum  detectable  signal  as  a function  of 
target  voltage. 

of  target  voltage,  V^.  A minimum  detectable 
signal  is  that  which  gives  a peak  signal-to- 
rms-noise  ratio  of  5.  The  curves  in  figure  22 
were  measured  on  a relatively  thick  target. 
The  upper  curve,  which  shows  the  poorer  sen- 
sitivity, was  measured  with  no  change  in  tar- 
get potential  before  readout.  The  lower  curve, 
showing  a minimum  detectable  signal  of 
150  electrons  at  Vj*  SO  volts,  was  measured 
with  a 2-volt  increase  in  target  voltage  be- 
tween integration  and  readout 

The  SEC  target  shows  no  significant 
deviation  from  redprodty  over  a wide  range 
of  integration  periods.  Thus,  a point  source 
producing  one  photoelectron  per  second 
produces  a signal,  after  1,000  seconds  of  inte- 
gration, witl^  ±10  percent  of  the  signal 
produced  from  a photoelectron  flux  of 
30,0(X)  electrons  per  second  in  1/30  second. 

The  SEC-target  photometric  range  was 
studied  by  obtaining  measurements  from  a 
series  of  progressively  more  intense  point 
sources.  The  pertinent  quantities  measured 
were  peak  signid  current  and  the  total  output 
chaige  for  each  point-source  image.  Figure  23 
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is  a plot  of  the  output-signal  charge  as  a func- 
tion of  the  total  number  of  photoelectrons 
emitted  from  the  photocathode  during  the 
period  of  integration.  The  curve  was  obtained 
ai  a target  voltage  of  Vj  = 13  volts.  The  cur/e 
covers  a photometric  range  of  10*. 

The  change  in  slope  of  the  charge  curve 
between  10"**  and  lO"**  coulombs  shov.s 
that  there  are  two  distinct  stages  in  the 
accumulation  of  signal  charge  on  the  target. 
During  the  initial  part  of  the  integration 
period,  increa>ing  charge  storage  causes  the 
peak  voltage  excursion  on  the  target  to  in- 
crease in  the  same  manner  as  it  does  for  an 
extended  area  image.  Unlike  t!ie  case  an 
extended  area,  however,  the  attainment  of  the 
maximum  voltage  excursion  does  not  produce 
a corresponding  saturation  in  the  amount  of 


stored  vharge.  Instead,  further  charge  is  stored 
on  the  target  by  a steady  growth  in  the  size  of 
the  image.  Over  the  intensity  variation  of  the 
source  shown  in  figure  23,  the  image  radius 
was  found  to  increase  linearly  on  the  log-iog 
plot  from  50  micrometers  to  350  microm- 
eters. The  signal  current  variation  over  this 
range  wis  from  about  10'*  angstroms  to 
3x10"’  angstroms. 

Dynamic  Imaging 

For  many  years,  evaluation  of  television 
camera  tubt^s  was  carried  out  by  imaging 
static  scenes.  Recent  interest  in  low-light-level 
television  has,  however,  indicates  that  such 
tube  evaluation  is  not  adequate,  it  is  generally 


Figm  23.  Output  i<pief  ehmgt  m « fiatethn  oftht  bttcffutui  flux. 
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found  that  a performance  loss  occurs  when  a 
scene  is  in  motion,  thus  complete  specifica* 
tion  of  tube  performance  should  include  in- 
formation on  the  dynamic  performance.  The 
primary  causes  of  performance  loss  are  signal 
mixing  and  discharge  lag. 

Signal  Mixing.  Signal  mixing  is  a type  of 
interference  process  that  occurs  in  all  tubes 
employing  charge-storage  targets  under  all 
illumination  conditions.  It  can  be  best  de- 
scribed by  considering  what  happens  when  a 
periodic  bar  chart  with  fixed  period  is  imaged 
onto  tbo  camera-tube  photocathode.  Due  to 
the  emission  of  photoelectrons,  a correspond- 
ing charge-pattern  bar  chart  will  appear  on  the 
storage  target. 

Let  us  consider  the  effect  cf  image 
motion.  As  the  speed  of  translation  of  the  bar 
chart  (normal  to  the  bars)  is  increased,  the 
leading  edge  of  a white  ^r  will  increasingly 
overlap  the  trailing  edge  of  a black  bar;  and 
the  original  sharp  discontinuity  in  the  cWge 
distribution  pattern  on  the  storage  target  will 
disappear.  This  results  in  degradation  of  the 
resulting  image  sharpness  and,  consequently,  a 
.*  .ss  in  resolution.  .\s  the  speed  increases,  the 
white  bar  will  move  to  cover  the  entire  posi- 
tion of  the  biaci:  bar;  and  a black  bar  will 
shift  to  coincide  with  what  was,  originally,  a 
wtute  bar.  As  a resiJt  of  this,  during  the  frame 
period,  it  is  possible  that  the  charge  distribu- 
tion on  the  storage  target  will  become  uni- 
form and  zeio  contrast  will  resu't.  Further 
increase  in  translation  of  the  bar  chart  can 
result  in  images  having  negative  contrast. 
These  effects  car  be  observed  with  a bar  chart 
of  fixed  period  oy  varying  the  speed  of  trans- 
lation of  the  chart.  Similarly,  for  a given 
speed,  the  effect  can  be  observed  by  employ- 
ing bar  charts  having  different  periodicities. 
From  the  latter,  one  can  determine  the  con- 
trast as  a function  of  resolution  with  chart 
speed  as  a parameter.  Figure  24  illustrates  this 
effect  calculateu  for  a system  operating  at 
60  fields  per  second  with  traverse  tin.es  of  the 
bar  chart  of  5 seconds  and  10  seconds  per 
raster  width.  Figure  25  shows  the  limiting 
resolution  as  a function  of  pattern  traverse 
rate.  It  should  be  re>uizi.di  that  the  degrading 


effect  of  image  mixing  is  always  present  al- 
though the  negative  contrast  is  generally  not 
apparent  in  the  imaging  of  real  scenes  that  do 
not  contain  regular  periodic  structures. 


Figure  24.  The  contra:"  reduction  of  a bar  chart. 


Figure  25.  Reioiution  limit  due  to  d^iat  mixing  as  a 
function  of  pattern  traverse  rate. 


Discharge  Lag.  Lag  may  be  of  two  types: 
semiconductor  lag  and  discharge  lag  Foi 
devices  used  m low-light-level  television,  semi- 
conductor lag  may  be  disregarded  becaus(? 
tubes  susceptible  to  this  type  of  lag  are  gen- 
erally not  sufficiently  sensitive  for  this  appli- 
cation. Discharge  lag  on  the  other  hand, 
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increases  markedly  as  the  radiant  flux  into  the 
camera  is  decreased. 

Discharge  lag  is  a consequence  of  the  in- 
ability of  the  scanning  readout  beam  to  neu- 
tralize all  of  the  charge  on  the  storage  target 
in  the  period  of  a frame.  Under  conditions  of 
low-light-level  imaging  in  which  the  voltage 
excursion  on  the  target  surface  is  small,  the 
readout  beam  may  charge  the  scanned  region 
of  the  storage -target  negative  by  an  amount 
depending  upon  the  target  storage  capacity, 
energy  distribution  of  the  read-beam  elec- 
trons, and  read-beam  current  density.  If,  after 
integrating  a signal  onto  the  target  for  one 
frame  period,  the  voltage  excursion  is  too 
small  to  raise  the  surface  potential  to  zero, 
only  a fraction  of  the  read-beam  electrons  will 
be  energetic  enough  to  land  on  the  target  to 
achieve  discharge.  Both  the  signal  current  and 
lag  are  deleteiiously  affected.  Because  tliis 
type  of  lag  occurs  only  at  low  voltage  excur- 
sions, it  is  most  prominent  at  low-light  levels. 

Measurement  of  Dynamic  Imaging  Per- 
formance. Figure  26  shows  schematically  an 
anangement  for  evaluating  tube  performance 
under  dynamic  conditions.  The  figure  is  self- 
explanatory  and  involves  simply  a method  of 
imaging  a moving  bar  pattern  onto  the  photo- 
cathode of  a camera  tube.  Image  speeds  of 
1 0 seconds  and  20  seconds  per  raster  width, 
which  give  signal-mixing  resoluUon  limits  of 
900  and  1 800  TV  lines  per  raster  height,  were 
used. 


Flptre  26.  System  used  to  obtain  moving  scene  data. 


The  tube  performance  characteristic 
evaluated  was  the  perceptible  resolution  for 
various  light  levels  as  determined  by  an  ob- 
server from  a levision  monitor  display.  This 
method  possesses  an  advantage  of  simplicity 
although  it  is  somewhat  limited  because  of  its 
subjective  nature. 

Moving  scene  data  was  obtained  for  the 
SEC  camera  tube  (WX-30654)  and  the 
intensifier-SEC  camera  tube  (WL-32000).  The 
input  format  of  both  tubes  is  identical.  The 
Vi'X-30654  employs  a storage  target  of 
1.0-inch  diameter  while  the  WL-32000  uses  a 
0.6-inch-diameter  storage  target.  Figures  27 
and  28  show  the  static  and  dynamic  sensitivi- 
ties for  these  two  types  of  tubes.  It  should  be 


Figure  27.  Static  and  dynamic  sensitivity  for  an  SEC 
camera  tube. 


Figure  28.  Static  and  dynamic  sensitivity  for  an 
intensifler  SEC  camera  tube. 


CAMERA  TUBES  EMPLOYING  ELECTRON-IMAGING 


543 


noted  that  for  both  types  the  dynamic  sensi- 
tivity is  within  one  order  of  magnitude  of  the 
static  scene  sensitivity.  This  compares  with  a 
deviation  of  about  two  orders  of  magnitude 
for  the  image  orthicon. 

The  significant  but  relatively  small  devia- 
tion in  sensitivity  between  the  static  and 
moving  scenes  in  the  SEC  tubes  is  due  to  the 
high  target-gain-to-capacitance  ratio  and  thus 
high  voltage  excursion. 

Applications  of  the  SEC  Camera  Tubes 

The  most  extensive  .employment  of  the 
SEC  camera  tubes  is  in  nighttime  observation 
and  surveillance.  These  tubes  exemplify  pres- 
ent state-of-the-art  achievement  in  low-light 
television  and  have  found  broad  application  in 
remote-viewin.g  systems  for  the  military. 
Figure  29  is  a reproduction  of  a television- 
monitor  presentation  of  a scene  imaged  by 
one  of  the  SEC  camera  tubes  that  employs 
electronic  zoom  in  the  image  section.  The 
four  zoom  ratios  indicated  on  the  figure  are 
1 to  1,  1 to  1.5,  1 to  2,  and  1 to  3. 

Aside  from  military  applications,  the 
SEC  camera  tubes  and  intensifler/camera  tube 
combinations  have  achieved  a significant  place 
as  a tool  in  scientific  research.  The  intensifier/ 
SEC  package  coupled  fiber-optically  to  an 
electron  microscope  has  proved  useful  in  deal- 
ing with  extremely  low  current  deiisities  in 
the  microscope.  Figure  30  illustrates  this  ar- 
rangement; its  desirable  features  are  the  large 
input  format  and  excellent  integrating  proper- 
ties of  the  SEC  tube.  The  hi^  sensitivity  and 
integrating  capability  of  this  arrangement 
(fig.  30)  made  possible  the  Fresnel  diffraction 
patterns  shown  in  figure  31.  The  patterns 
shown  cover  exposure  times  of  0.2,  10,  and 
20  seconds  at  electron-microscope  current 
densities  of  4.0 xlO"*^,  5.75x10"**,  and 
1.16  x IC*®  amperes/cm*. 

Use  of  SEC  and  intensifier/SEC  tubes 
have  been  employed  in  ground-based  astron- 
omy at  the  McDonald,  Allegheny,  and  Lick 


Observatories.  Figure  32  illustrates  images  of 
two  galaxies  obtained  with  the  SEC  tube 
WL-30691  and  the  intensifier/SEC  tube 
WL-32000.  The  upper  picture  illustrates  a 
0.5-second  exposure  of  the  spiral  galaxy  M51 
with  the  WL-32000  tube;  the  lower  picture 
shows  a 210-second  exposure  of  galaxy 
ARP82  with  the  WI^3069 1 tube. 

At  the  Lick  Observatory  of  the  Univer- 
sity  of  California,  Santa  Cruz, 
Drs.  E.  J.  Wampler  and  J.  S.  Miller  utilized  an 
SEC  camera  tube  with  the  1 20-inch  telescope 
to  study  the  light  flashes  of  the  pulsar  em- 
bedded in  the  Crab  Nebula.  Time  resolutions 
of  0.004  second  were  obtained.  Pictures  were 
obtained  at  various  phases  of  the  pulsar  cycle 
by  using  a suitable  shutter.  Figure  33  shows  a 
television-monitor  photograph  of  the  pulsar, 
which  is  the  lower  right  star  of  the  pair  of 
stars  located  to  the  right  of  center. 

In  addition  to  applications  in  ground- 
based  astronomy,  SEC  tubes  have  been  selec- 
ted for  and  are  being  employed  in  a number 
of  space  programs.  The  Apollo  camera  em- 
ployed on  the  lunar  excursion  module  and  to 
be  carried  ultimately  to  the  surface  of  the 
moon  employs  an  SEC  tube.  Figure  34  is  a 
picture  of  the  hand-held  lunar  SEC  camera. 
Figure  35  is  a television-monitor  photograph 
from  the  interior  of  the  lunar  excursion 
module  taken  with  this  model  camera. 

The  unmanned  Orbiting  Astronomical 
Observatory  (OAO),  which  NASA  launched 
on  December  7,  1 968,  contained  four  SEC 
tubes,  denoted  Uvicons.  The  Uvicons  em- 
ployed ultraviolet-transmissive  faceplates  and 
ultraviolet-sensitive  photocathodes.  The  SEC 
targets  were  operated  without  suppressor 
meshes,  and  the  tubes  were  employed  in  a 
digital  readout  mode  of  operation.  Each  tube 
was  used  in  conjunction  with  a 12V^inch 
Schwarzscluld  telescope.  From  launch  date  to 
the  middle  of  January  1969,  the  OAO  had 
collected  twenty  times  more  ultraviolet  infor- 
mation concerning  stars  than  had  been  ac- 
cumulated in  1 5 years  of  rocket  launchings 


Figure  30.  Camera  tube/electron  microscope  arrange-  Figure  31.  Fresnel  diffraction  patterns  generated  by 

menu  (Courtesy  of  Dr.  K.  Herrmann,  Siemens.)  fig-  30  arrangement.  (Courtesy  Dr.  K.  Herrmann.) 
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Top:  A 0.5-second  exposure  of  MSI  with 

the  WL-32000  IntensifierfSEC 
Camera  Tube.  Field-ofview:  380 
inches  by  510  inches. 
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Bottom.  A 210-second  exposure  of  ARP  82 
(NGC  2535/6)  with  the  WL-30691 
SflC  Camera  Tube.  Field-ofview: 
240  inches  by  320  inches.  (Cour- 
tesy M.  Green,  J.  R.  Hansen.) 


Fi^re  32.  Photographs  of  galaxies  obtained  with  SEC 
devices. 


Figure  33.  Photograph  of  TV  monitor  presentation  of 
puhar  embedded  in  the  Crab  Nebula.  (Courtesy  of 
Dr.  E.  J.  Wampler  and  J.  S.  Miller,  Lick  Obser- 
vatory.) 


Figure  34.  Hand-held  lunar  SEC  camera.  (Courtesy  of 
Westinghouse  Aerospace  Division.) 

The  most  widespread  use  of  television 
camera  tubes  is  in  the  broadcast  and  closed- 
circuit  television  applications.  The  growth  of 
color  television  has  posed  increasingly  severe 
requirements  on  camera  tube  performance.  In 
this  area,  acceptance  of  the  SEC  tubes  is  in- 
creasing rapidly  due  to  the  achievable  high 
sensitivity  and  extremely  low  lag.  SEC  tubes 
liave  been  employed  in  three-tube  NTSC  color 
cameras  and  have  demonstrated  the  improve- 
ments achievable  with  very  low  lag. 
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Utilizing  both  the  high  sensitivity  and 
low  lag  characteristics  of  the  SEC  tube,  the 
CBS  Laboratories  was  successful  in  developing 
a field  sequential  camera  for  closed-circuit 
color  transmission.  The  camera  uses  a single 
SEC  tube  and  operates  at  180  frames  per 
second.  This  camera  made  possible  the  view- 
ing, in  color,  of  the  interior  of  the  human 
body  at  very  low  light  levels. 


Figure  35.  Photograph  of  TV  monitor  picture  taken 
aboard  the  lunar  excursion  module.  (Courtesy  of 
National  Aeronautics  and  Space  Administration.) 


Summary 

In  this  paper,  the  evolution  of  the  SEC 
target,  its  operating  characteristics,  and  SEC 
camera  tubes  have  been  described  in  some 
detail.  The  unusual  attributes  of  the  SEC 
camera,  such  as  high  gain,  very  low  lag,  long 
storage,  excellent  integration  capability,  and 
point-source  imaging  characteristics,  have 
been  described  and  related  to  the  variety  of 
uses  to  which  these  tubes  have  been  apphed. 

The  discussions  have  not  been  exhaus- 
tive. Considerable  detail  is  available  in  the 
numerous  reports  and  publications  relating  to 
SEC  tube  development,  manufacture,  and  use. 

To  complement  this  discussion,  three 
appendices  are  included.  Appendix  A dis- 
cusses the  employment  of  the  silicon-diode 
array  charge-storage  target  in  the  electron- 
imaging mode  of  operation.  Appendix  B is  a 
bibliography  of  significant  reports  and  articles 
pertaining  to  secondary  electron  conduction 
(SEC)  and  transmission  secondary  emission 
(TSE)  phenomena  from  low-density  films, 
devices  employing  these  phenomena,  and 
systems  employing  the  SEC  and  TSE  devices. 
Appendix  C characterizes  various  SEC  tube 
types  with  regard  *o  significant  parameters. 


Appe  A 

Camera  Tubes  Employing  the  Silicon-Diode  Array 
as  an  Electron-Imaging  Charge-Storage  Target 

(G.  W.  Goetze  and  A.  B.  Laponsky) 


Introduction 

Following  the  initial  introduction  of  the 
silicon-diode  array  charge-storage-target 
vidicoii  by  the  BeD  Telephone  Laboratories,  a 


general  interest  in  silicon-diode  array  targets 
developed.  This  type  of  target  has  been 
extensively  described  In  published  literature 
(refs.  1-6).  In  this  appendix,  the  employment 
of  the  silicon-diode  array  charge-storage  target 
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" in  the  electron-imaging  mode  of  operation  is 
discussed.  In  this  mode,  high-target  gain  is 
achievable,  thereby  yielding  the  potential  for 
development  of  camera  tubes  of  very  high 
sensitivity  for  low-light-level  television  view- 
ing. Such  operation  has  been  suggested  by 
Gordon  and  Crowell  (ref.  5),  and  inves- 
tigations of  electron-imaging  on  a silicon- 
diode  array  target  for  a scan  converter  tube 
have  been  described. 

The  use  of  the  silicon-diode  array  target 
as  the  charge-storage  element  in  a camera  tube 
leads  to  a device  virtually  identical  in  con- 
struction to  the  SEC  camera  tubes  already 
described.  The  primary  difference  between 
these  two  tube  types  is  that  the  SEC  target 
and  suppressor -mesh  assembly  is  replaced 
with  a silicon-diode  array  target,  'llius,  in 
operation,  the  two  tube  types  are  essentially 
interchangeable,  each  type  offering  the 
advantages  and  disadvantages  determined  by 
the  nature  of  the  charge-storage  target. 

In  the  following  paragraphs,  the  silicon- 
diode  array  target  is  described  briefly. 
(Detailed  information  is  available  in  the  liter- 
ature.) This  is  followed  by  a presentation  of 
some  expeiimintally  determined  character- 
istics of  eiriy  prototype  camera  tubes 
employing  silicon-diode  anay  targets  and 
using  electron-imaging.  Finally,  an  assessment 
of  the  performance  of  silicon-diode  array 
camera  tubes  (electron-imaging  mode), 
particulariy  for  low-light-level  applications,  is 
made  with  regard  to  present  status  and  prob- 
lems yet  to  be  solved. 

Silicon-Diode  Array  Target 

This  brief  description  of  the  silicon- 
diode  array  target  includes  target  fabrication, 
operation,  resolution,  lag,  and  leakage  or  dark 
current. 

Target  Fabrication 

The  silicon-diode  array  target  is  fabri- 
cated by  using  standard  techniques  employed 
in  the  manufacture  of  integrated  circuits. 
Fabrication  is  based  upon  a highly  developed 
technology.  In  some  respects,  the  require-, 
ments  of  the  silicon-diode  array  targets  are 
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relaxed  from  those  of  integrated  circuits  in- 
that  only  simple  diodes  are  required  and  inter- 
connections are  eliminated.  On  the  other 
hand,  high-density  arrays  of  elements  are 
required,  and  reduction  of  leakage  current  by 
several  orders  of  magnitude  over  that  permis- 
sible in  integrated  circuitry  is  necessary.  In 
addition,  the  silicon-diode  array  target  neces- 
sitates the  employment  of  very  thin  silicon 
slices,  and  a high  degree  of  perfection  of  the 
slice  is  necessary  at  the  outset. 

The  procedures  for  target  fabrication  are 
available  in  the  literature;  only  the  general 
method  of  fabrication  is  briefly  described  in 
this  appendix.  The  targets  are  made  from  tliin 
slices  of  the  N-type  of  silicon.  The  process 
begins  with  a slice  of  approximately 
0.0 10-inch  thickness;  the  silicon  is  oxidized. 
Standard  photolithographic  methods  are  used 
to  open  windows  in  the  oxide  on  one  side  of 
the  slice,  and  P-N  junctions  are  formed 
through  the  open  windows  in  the  oxide  by 
the  diffusion  of  boron  into  the  N-type  of 
silicon.  The  target  is  then  thinned  to  the 
desired  thickness  by  etching  away  the  N-type 
of  material  on  the  side  opposite  the  P-N 
junction  diodes.  After  several  processing 
procedures  have  been  followed  to  remove 
impurities  and  surface  states  and  to  establish 
an  N'*'  layer  on  the  front  surface,  the  basic 
fabrication  is  complete.  This  results  in  a 
N-type  of  silicon  wafer  with  an  layer  on 
one  face  and  an  array  of  P-type  islands  on  the 
opposite  face. 

The  last  step  in  fabrication  is  either 

(1) the  application  of  a thin  highly  resistive 
layer  (resistive  sea)  to  the  surface  containing 
the  P-type  of  elements  (refs.  3 and  5)  or 

(2)  the  application  of  isolated  metallic  pads 
over  the  diodes  (ref.  3).  Both  methods  serve 
to  control  the  influence  of  excessive  charging 
of  the  silicon-dioxide  insulating  layer.  Method 
#2  serves,  in  addition,  to  shield  the  silicon 
from  infrared  and  visible  radiation  from  the 
reading-beam  cathode. 

Target  Operation 

This  description  of  target  operation  can 
be  best  understood  by  referring  to  figure  A-1. 
(Consider  the  N-type  of  silicon  slice  to  be 
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RgureA-I.  Schematic  of  silicon-diode  array  target. 


biased  to  a potential  of  about  5 volts  positive 
with  respect  to  the  read-gun  cathode.  Upon 
scanning  the  back  surface  of  the  target  with 
the  reading  electron  beam,  the  P -type  of 
islands  and  the  silicon-dioxide  surface  are 
chained  to  the  cathode  potential  of  the  read 
gun,  and  the  P-N  junctions  are  thus  reverse- 
biased.  Because  of  the  low  leakage  current, 
this  bias  is  retained  until  the  generation  of 
holes  in  the  N-type  of  silicon  and  their 
diffusion  to  the  P-type  of  islands  alters  the 
chrrge  on  the  diodes.  The  extent  to  which  the 
diodes  are  discharged  by  the  holes  produced 
by  imaging  electrons  is  measured  by  the  read- 
beam  charge  deposited  in  recharging  the 
diodes  to  the  full  S-volt,  reverse-bias  condi- 
tion. Thus,  the  acceptance  of  read-beam 
current  by  the  target  at  any  instant  is  a 
measure  of  the  stored  information,  and  the 
resulting  current  is  the  video  signal.  At  any 
element,  the  readout  of  the  diodes  occurs  at 
the  television  frame  rate  of  30  per  second 
while,  during  the  intervening  period,  infor- 
mation is  integrated  and  stored  as  charge 
across  the  target  depletion-layer  capacitance. 


During  the  cliarging  period  of  the  read  beam, 
the  exposed  silicon-dioxide  regions  are 
charged  to  the  read-gun-cathode  potential  at 
which  they  remain  and  isolate  the  N-type  of 
silicon  from  the  reading  beam. 

The  excitation  of  chaige  carriers  in  the 
N-type  of  silicon  occurs  at  the  rate  of  about 
one  electron  hole  pair  for  each  3.4  electron 
volts  of  imaging-electron  kinetic  energy. 
Imaging  electrons  of  1 0-kiloclectron-volt 
energy  would  then  produce  approximately 
2900  holes.  The  potentially  hi^  gain  of  the 
target  is  apparent.  The  actual  gain  is  some- 
what less  and 's  controlled  by  the  loss  of  holes 
due  to  recombination  at  the  front 'surface  and 
in  the  bulk  of  the  target  material.  If  the  target 
is  sufficiently  thin,  the  holes  readily  diffuse  to 
the  P-type  of  islands;  and  collection  effi- 
ciencies of  about  50  percent  are  obtainable, 
thereby  giving  a tar^t  gain  of  about  1500  for 
1 0-kiloelectron-volt  imaging  electrons. 

Resolution.  Because  of  the  discrete 
nature  of  the  silicon-diode  array  target,  the 
resolution  capabUity  of  the  device  will  be 
limited  by  the  diode  density.  In  addition,  due 
to  the  lateral  diffusion  of  holes,  the  resolution 
is  also  influenced  by  the  target  thickness 
(ref.  5).  For  any  sufficiently  thin  target 
(thickness  approximately  the  same  as  the 
diode  spacing),  the  absolute  limiting  res- 
olution to  be  expected  is  given  in  TV  lines  per 
unit  length  by  the  linear  density  of  diodes. 

Lag.  All  the  lag  exhibited  by  the  diode- 
array  targets  is  essentially  due  to  capacitive 
discharge.  Influencing  this  are  the  target  bias, 
diode  voltage  excursion,  and  beam  acceptance 
characteristics  of  the  surface.  Increasing  the 
tar^t  reverse  bias  decreases  the  dynamic 
capacitance.  This  permits  a greater  voltage 
excursion  for  a given  input  signal  and 
improved  electron-beam  acceptance.  All  of 
these  factors  tend  to  improve  the  target  lag 
characteristic.  The  target  should  be  designed 
to  present  the  maximum  effective  beam  land- 
ing area. 

The  silicon-diode  array  target  exhibits  a 
relatively  high  dynamic  capacitance;  hence, 
the  las  exhibited  by  this  target  is  greater  than 
that  of  loviier  capacity  targets,  such  as  the 
SEC  target,  for  a given  si^al  current.  F(V  a 
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target  voltage  ot  about  S volts,  lag  of  about 
25  percent  at  a signal  current  of  100 
nanoamperes  can  be  deduced  from  reported 
experiments  (ref.  3). 

Leakage  Current.  The  leakage  or  dark 
current  of  the  diode-array  targets  is  influ- 
enced by  temperature,  irradiation  of  the 
depletion  region  by  visible  and  infrared  ladi- 
ation,  and  the  volume  of  the  depletion  region. 
Increasing  temperature  and  irradiation  of  the 
depletion  region  increases  the  dark  current; 
decreasing  the  capacitance  to  minimize  lag 
also  results  in  dark  current  increase. 

The  dark  current  manifests  itself  by 
introducing  noise,  reducing  effective  target 
gain,  and  reducing  contrast  Sufflciently  low 
dark  current  is  generally  achievable  to  pre- 
clude difficulties  for  operation  at  room 
temperature  (refs.  2 and  3);  however,  because 
of  the  sensitivity  of  dark  current  to  temper- 
ature variations,  the  minimizing  of  the  dark 
current  is  of  particular  importance  for  devices 
to  be  used  under  the  rugged  conditions 
involved  in  military  applications. 

Characteristics  of  Silicon-Diode  Array  Target 
Tube 

The  characteristics  described  are  based 
on  the  v'se  of  the  WL-30691  type  of  camera 
tube.  This  type  of  tube,  highly  developed  and 
qualifled  for  military  use,  was  modified  for 
eariy  evaluation  purposes  by  simply  replacing 
the  SEC-iarget-suppressor-mesh  assembly  with 
silicon-diode  array  targets.  Standard  proces- 
sing procedures  were  followed  in  the  tube 
fabrication  including  formation  of  S-20 
photocathodes. 

The  targets  employed  were  made  from 
10-ohm-centimeter  N-type  of  silicon.  The 
spacing  between  the  diodes  was  25  microm- 
eters, and  target  thicknesses  of  approximately 
25  micrometers  were  employed.  Typically, 
the  target  capacitance  at  a Swolt  bias  was 
about  3500  picofarads/cm^ . Basic  target 
leakage  currents  of  about  1.6  x 1(T’  amperes/ 
cm’  were  achieved  at  a 5-volt  bias;  however, 
in  actual  tube  operation  under  the  influence 
of  infrared  ra^tion  from  the  read-gun 
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cathode,  the  leakage  currents  increased  by  at 
least  one  order  of  magnitude. 

Transfer  Characteristic 

Figure  A-2  illustrates  a transfer  char- 
acteristic for  a silicon-diode  array  target 
camera  tube  of  the  type  described  in  the 
preceding  paragraph.  The  transfer  character- 
istic was  obtained  by  measuring  the  signal 
current  for  various  photocathode  illumi- 
nations under  standard  television-scan  con- 
ditions. The  solid  curves  represent  measured 
data  obtained  at  the  three  different,  image- 
section  accelerating  potentials  indicated.  The 
broken  curve  corresponding  to  a 10-kilovolt 
accelerating  potential  was  calculated  from  the 
measured  target  gain  characteristic.  Signifi- 
cant is  the  wide  dynamic  range  and  the  linear 
characteristic  representing  a unity  slope.  No 
real  tendency  for  saturation  to  occur  is 
observed  although  an  apparent  beginning  of 
saturation  was  due  to  insufficient  reading- 
beam  current  density  to  discharge  the  target 
at  the  highest  signal  currents.  The  large 
achievable  signal  currents  are  a consequence 
of  the  high  storage  capacity  of  the  ^icon- 
diode  array  target.  The  transfer  characteristic 
was  found  to  be  independent  of  the  target 
bias  over  a range  of  voltages  from  0.5  volt  to 
at  least  5.0  volts. 

Target  Gain 

The  charge  gain  attributable  to  the  target 
is  shown  in  figure  A-3.  This  was  calculated 
from  measurements  of  the  sigr"*  current  for 
various  image-section  accelerating  potentials 
at  a co;.stant  photocathode  illumination  (4.24 
X lOr^  foot-candle)  and  constant  target  bias 
(1.0  volt).  As  previously  described,  the  gain  is 
approximately  a linear  function  of  accele.- 
ating  voltage,  yielding  a value  of  1500  at  10 
kilovolts. 

Tube  Resolution 

When  a lOO-percent-contrast,  static,  bar 
pattern  ^iwa  used,  preliminary  measurements 
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Figure  A-Z  transfer  characteristic  for  a slhcotHiiode  array  target  camera  tube  (baited  on  the 

WL-30691). 


of  limiting  resolution  as  a function  of  photo* 
cathode  illumination  at  low-light  levels 
yielded  the  curve  shown  iti  flgure  A-4.  Under 
hi^  illumination  conditioni,  the  best  limiting 
resolution  obtained  was  about  350  TV  lines 
per  raster  heij^it  This  closely  approaches  the 
theoretical  limit  of  about  375  imposed  by  the 
25-micrometer  diode  spacings. 

Lag  and  Dark  Current 

Extensive  measurements  of  these  two 
quantities  were  not  carried  out  in  early 
evaluation  tubes;  however,  both  of  these 
quantities  were  found  to  exhibit  the  expected 
variations  with  target  voltage.  With  increasing 
target  voltage,  the  dark  current  was  found  to 
increase,  and  values  ranging  from  12  to  40 
nanoampetea/cm’  were  obtained  at  a target 
voltage  of  5 volts.  Lag  was  found  to  decrease 


with  increasing  target  voltage.  The  lowest  lag 
observed  at  a signal  current  of  100  nano- 
amperes  was  approximately  25  percent. 

Picture  Quality 

Television-monitor  presentations  of 
pictures  of  reason  .ble  quality  have  been 
achieved  by  using  tit*;  ^icon-diode  array 
modified  WL-30691.  A typeal  monitor 
picture  is  shown  in  figure  A-5.  Apparent  in 
the  figure  are  numerous  biemishes,  essentially 
all  of  which  are  due  to  target  imperfections. 
The  existence  of  a regular  array  of  black 
squares  should  be  noted  in  this  figure.  These 
squares  are  not  due  to  fabrication  blemishes 
but  represent  small  test  anays  distributed 
over  the  target  for  electrical  evaluation  pm^ 
poses  during  the  epriy  stages  of  tai'get  devel- 
opment. 


TVL  Per  Roster  Height 
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Figure  A-3.  Gain  versus  electron  accelerating  voltage 
for  a silicon^iode  array  target. 


Figure  A-4.  Static  sensitivity  for  a silicon^iode  army 
target  camem  tube  (based  on  the  WL-30691). 


Figure  A-").  Photograph  of  a TV  monitor  presentation 
of  a static  scene  imaged  with  a silkon^iodt:  array 
target  camem  tube  (based  on  the  WL-30691). 


Conclusions 

Early  evaluation  studies  of  silicon-diode 
array  targets  employed  in  camera  tubes  in  the 
electron-imaging  mode  have  established  the 
feasibility  of  these  charge-storage  targets  for 
devices  of  very  high  sensitivity.  Generally,  a 
factor  of  1 0 to  20  increase  in  sensitivity  over 
the  SEC  tube  is  available.  This,  in  principle, 
permits  attainment  of  phnton-noise-limited 
performance  with  only  one  additional  stage  of 
intensification.  To  a certain  extent,  however, 
some  of  this  impressive  gain  is  lost  in  actual, 
low-light-level,  viewing  applications  where 
dynamic  scenes  must  be  imaged.  Under  these 
conditions,  the  high  static  sensitivity  of  the 
silicon-diode  array  tubes  is  degraded  due  to 
the  imag^  build-up  and  discharge  lag  inherent 
in  the  target. 

The  gain-to-storage-capacitance  ratio  of 
the  silicon-diode  array  target  is  comparable  to 
that  of  the  SEC  target.  Therefore,  the  degra- 
dation in  tube  sensitivity  for  dynamic  imaging 
can  be  anticipated  to  be  about  the  same  as  the 
degradation  for  the  SEC.  For  a scene  tra- 
versing the  tube  photocathode  at  the  rate  of 
10  seconds  per  picture  width,  the  dynamic 
sensitivity  can  be  expected  to  be  reduced  by 
roughly  a factor  of  6 for  those  light  levels  for 
which  the  SEC  tube  is  operative.  At  lower 
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light  levels,  the  silicon-diode  array  camera 
tube  continues  its  operation  due  to  the  hi^ 
target  gain.  The  resolution  under  dynamic  (as 
compared  to  static)  conditions  can  be 
expected  to  deteriorate  rapidly  with  de- 
creasing illumination  level.  This  is  a conse- 
quence to  be  expected  from  the  low  target 
voltage  excursion  that  would  occur  and  the 
high  target  capacitance.  Thus,  at  very  low 
light  levels,  the  advantage  of  the  high  gain  of 
the  silicon-diode  array  target  may  be  seriously 
diminished  due  to  discharge  lag,  which  results 
in  image  smear.  Although  the  silicon-diode 
array  target  will  certainly  offer  additional 
picture  informs  liv.-:  at  low  illumination  levels, 
it  remains  ts  be  deiermined  how  effectively 
this  information  can  be  utilized  by  an  indi- 
vidual observing  ::  teiev.tdon  monitor  screen. 
It  is  possible  that  dischars^  lag  may  preclude 
the  attiinment  of  the  ultimate  sensitivity 
anticipated  for  the  silicon-diode  array  target 
uSa-j  under  dynamic  conditions. 

In  addition  to  possessing  hi^  gain,  the 
silicon-diode  array  target  is  electrically 
rugged,  there  br-ing  no  degradation  or  bum 
due  to  high  input  illumination  This  leads  to 
anticipation  of  longlife. 

iJnder  electron -beam  scanning  of  the 
reading  surface  of  the  target,  a *‘whiting  out” 
(MOS  effect)  has  been  frequently  observed 
and  reported  by  Crowell  and  Labuda  (ref.  3). 
This  deleterious  effect  is  attributed  to  the 
forma  don  of  an  inversion  layer  at  the  inte^ 
face  of  thv^  N-type  of  silicon  and  the  silicon 
dioxide;  this  effect  appears  to  be  a function 
of  scannit  g time  and  target  Although 
targets  have  operated  for  many  hours  and 
have  not  exhibited  this  “whiting  out,”  it 
remains  to  be  seen  if  this  deleterious  effect 
places  a significant  limit  on  target  life. 


The  largest  single  use  of  low-light-level 
television  is  in  military  applications.  Such 
applications  requi.re  highly  “ruggedized” 
tubes  capable  of  operation  over  a broad  range 
of  environmental  conditions.  The  existing 
family  of  S£C  tubes  has  been  found  to  satisfy 
these  requiremc.tts;  hence,  the  simple  retro- 
fitting of  these  types  of  tubes  adth  silicon- 
diode  array  targets  is  a natur;rl  anticipation. 
Success  in  achieving  this  will  depend  upon  the 
ultimate  reduction  of  target  dark  current,  lag, 
and  the  adjustment  of  target  mechanical 
resonances  to  permit  satisfactory  tube 
operation. 
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Appendix  B 

(Compiled  by  A.  B.  Laponsky) 

This  is  a bibliography  on  Secondary  Electron  Conduction  and  Transmission  Secondary 
Emission  from  Low  Density  Lasers,  divided  into  the  following  categories; 

I.  Secondary  Electron  Conduction  and  Transmission  Secondary  Emission  Phenomena 

II.  Secondary  Electron  Conduction  and  Transmission  Secondary  Emission  Devices 

III.  Systems  Using  Secondary  Electron  Conduction  and  Transmission  Secondary  Emission 
Devices. 


/.  Secondary  Electron  Conduction  and  Transmission  Secondary  Emission  Phenomena 

1.  Akagi,  M.  and  S.  Yoshida:  “Energy  Distribution  of  Transmitted  Secondary  Electrons 
from  Thin  Porous  KCl  Films,”  Japanese  Journal  of  Applied  Physics,  Vol.  6,  p.  1028, 
1967. 


This  is  a short  note  describing  a method  of  measuring  the 
secondary  electron  energy  distribution.  A short  discussion  of  film 
charging  is  given,  and  a resistance  value  for  the  films  under 
electron  bombardment  is  given. 

2.  Boerio,  A.  H.;  “The  Effect  of  Intense  Exposures  on  SEC  Targets,”  Westinghouse 
Electronic  Tube  Division,  Elmira,  report  April  13,  1965.  (Westinghouse  Confidential) 

Two  WX-5419A  SEC  camera  tubes  were  used  in  this  investigation 
to  determine  to  what  levels  an  SEC  camera  tube  can  be  exposed 
before  a temporary  or  permanent  reduction  in  gain  results. 

3.  Boerio,  A.  H.,  R.  R.  Beyer,  and  G.  W.  Goetze:  “The  SEC  Target,”  Advances  in 
Electronics  and  Electron  Physics,  (Academic  Press,  L.  Marton,  Editor),  Vol.  22A, 
p.  229, 1966. 

An  excellent  and  thorou^  description  of  the  operation  and 
characteristics  of  SEC  targets. 

4.  deVries,  H.  R.  and  K.  F.  Boll:  “An  SEC  Target  With  High  Storage  Capacity,”  Technical 
Report,  Westinghouse  Electric  Corporation,  ETD. 


Report  presents  a theoretical  and  expcitimental  evaluation  of  the 
significance  of  increasing  the  SEC  target  capacity  per  unit  area. 
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5.  Edgecumbe,  J.  and  E.  L.  Garwin;  “Csl  Ar  a High  Gain  Secondary  Emission  Material,” 
Journal  of  Applied  Physics,  Vol.  37,  pp.  3321-3322,  1966. 

Good  brief  communication  on  low  density  Csl  as  a TSE  element. 

Gives  a comparison  with  KCl. 

6.  Garwin,  E.  L.  and  J.  Edgecumbe:  “Response  of  Low-Density  KCl  Foils  to  Multi-Mev 
Electrons,”  Advances  in  Electronics  and  Electron  Physics,  (Academic  Press,  L.  Marton, 
Editor),  Vol.  22A,  p.  635,  1966. 

A good  article  on  high  energy  electron  detection  including  the 
preparation  of  low  density  targets  and  their  detection  capabilities. 

7.  Goetze,  G.  W,:  “On  The  Use  of  Transmission  Secondary  Emission  for  Electrical 
Storage  Devices,”  Research  Report,  Westinghouse  Research  Laboratories,  Pitts- 
burgh, Pa.,  Report  No.  12-1505-1-R3-X  (Westing’  vuse  Confidential),  October  3,  1960. 

This  paper  deals  theoretically  with  the  problem  of  charge  storage 
in  transmission  type  dynodes  employing  a low  density  insulator  on 
a conductive  backing. 

8.  Goetze,  G.  W.:  “Secondary  Electron  Conduction  (SEC)  and  its  Application  to  Photo- 
Electronic  Image  Devices,”  Advances  in  Electronics  and  Electron  Physics,{Acidemic 
Press,  L.  Marton,  Editor),  Vol.  22A,  pp.  219-227,  1966. 

Excellent  and  thorough  discussion  of  the  SEC  and  TSE  modes  of 
operation  of  low  density  layers  including  basic  considerations 
regarding  the  mechanisms  involved. 

9.  Goetze,  G.  W.:  “Transmission  Secondary  Emission  from  Low  Density  Deposits  of 
Insulators,”  Advances  in  Electronics  and  Electron  Physics,  (Academic  Press,  L.  Marton, 
Editor),  Vol.  16,  p.  145, 1962. 

Discusses  dynode  fabrication  and  characteristics  in  some  detail 
with  regard  to  TSE. 

10.  Goetze,  G.  W.,  A.  H.  Boerio,  and  M.  Green:  “Field  Enhanced  Secondary  Electron 
Emission  from  Films  of  Low  Density,”  Journal  of  Applied  Physics,  Vol.  35,  No.  3, 
p.  482, 1964. 

Excellent  and  thorough  discussion  of  the  preparation  of  low 
density  TSE  layers  and  their  TSE  characteristics. 

11.  Green,  M.  and  A.  H.  Boerio:  “Primary  Penetration  Measurements  on  the  SEC  Target,” 
Technical  Report,  Westinghouse  Electric  Corporation,  ETD,  Report  No.  ET-7  (Westing- 
house  Confidential),  July  1,  1965. 

This  is  an  excellent  sliort  report  describing  a method  of  moni- 
toring SEC  targets  in  sealed-off  tubes  by  making  measurements  of 
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transmission  secondary  emission  of  the  targets.  A means  for 
determining  the  mass  per  unit  area  of  the  KCl  layer  from  the 
primary  penetration  data  is  given  along  with  experimental  results. 

12.  Green,  M.,  A.  H.  Boerio,  and  G.  W.  Goetze:  “Research  on  High  Gain  Transmission 
Secondary  Emission  Films,”  Research  Report,  Westinghouse  R & D Center,  Pittsburgh, 
Pennsylvania,  Research  Report  No.  64-9Z27-252-R1,  Augusts,  1964,  Final  Report, 
Contract  No.  DA-44-009-ENG-4858,  USAERDL,  Fort  Belvoir,  Virginia. 

A thorough  and  broad  description  of  the  nature  of  TSE  from  low 
density  KCl  films. 

13.  McMullan,  D.  and  G.  O.  Towler:  “Stable  SEC  Target  for  Television  Camera  Tubes,” 
Electronics  Letters,  Vol.  4,  pp.  360-362,  August  23, 1968. 

Various  aspects  of  the  overload  signal  stability  of  SEC  targets 
formed  from  good  and  poor  secondary  emitting  materials  are 
considered.  It  is  shown  that  a target  consisting  of  two  layers  can 
be  made  to  be  inherently  stable  to  signal  overload  while  still 
having  a high  gain. 

14.  Raykhel,  T.  and  V.  Yaresh:  “An  Investigation  of  Transmission  Secondary  Electron 
Emitters,”  Radio  Engineering  and  Electronic  Physics,  Vol.  11,  pp.  1606-1609,  1966. 
Russian  and  English. 

The  mechanism  of  transmission  secondary  electron  emission  is 
considered  utilizing  emitters  that  consist  of  a metal  grid  or 
aluminum-oxide  foil  serving  as  substrate,  intermediate  conducting 
aluminum  layer,  and  compact  or  porous  MgO  or  KCl  secondary 
emission  layers. 

15.  Reynolds,  G.  T.:  “Secondary  Electron  Multiplication  in  Image  Intensifier  Dynode 
Structures,”  IEEE  Transactions  on  Nuclear  Science, Mol  NS-13,  No.  3,  pp.  81-87,  June 
1966. 

Statistics  on  transmissive  secondary  electron  emission  (not  low 
density). 

16.  Schackert,  P.  H.:  ’The  Influence  of  Water  Vapor  on  the  SEC  Targets  Made  From 
Standard  KCl  and  Ultra-High  Purity  KCl,”  Westinghouse  Electronic  Tube  Division, 
Elmira. 

Presentation  of  some  of  the  results  from  experiments  that  indicate 
the  severe  effects  of  water  vapor  on  targets.  It  may  be  noted  that 
both  the  ultrahi^  purity  and  standard  KCl  materials  used  are 
equaUy  affected. 

17.  Seiler,  H.  and  M.  Stark:  “Hohe  Sekund&elektronen-Emission  aus  BaF^  - Schichten 
geiinger  Dichte,”  Zeitschrift  fltr  angemndte  Physik,  Vol.  19,  p.  90, 1965. 
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A thorough  discussion  of  reflection  secondary  electron  emission 
from  low  density  Bap2  layers,  including  properties  of  the  layers, 
experimental  apparatus  and  methods,  results  of  measurements, 
and  the  secondary  electron  energy  distribution. 

18.  Serebrov,  L.  A.  and  S.  A.  Fridrikhov:  “Results  of  Investigation  of  Field  Enhanced 
Secondary  Electron  Emission  From  Thin  Films  of  Sodium  Chloride,”  Soviet  Physics  - 
Solid  State,  Vol.  6,  No.  6,  p.  1336,  December  1964. 

Gives  experimental  results  of  studies  of  secondary  emission  from 
porous  NaCl  films  of  0.5  to  5.0  micron  thickness. 

19.  Serebrov,  L.  A.  and  V.  I.  Salin:  “Field  Enhanced  Secondary  Electron  Emission  During 
Transmission  Through  Magnesium  Fluoride  Films,”  Soviet  Physics  - Solid  State,  Vol.  7, 
No.  5,  p.  1261,  November  1965. 

A short  technical  article  dealing  with  transmission  secondary 
electron  emission  through  low  density  layers  of  MgFj. 

20.  Serebrov,  L.  A.  and  V.  I.  Salin:  “Field  Enhanced  Secondary  Electron  Emission  on 
Transnrission  Through  Thin  Zinc  Sulfide  Films,”  Soviet  Physics  - Solid  State,  Vol.  7, 
No.  4,  p.  988,  October  1965. 

This  is  a short  technical  article  dealing  with  transmission 
secondary  emission  through  porous  films  of  ZnS. 

21.  Zernov,  D.  V.  and  N.  L.  Yasnopollsky:  “Electron  Emission  From  Dielectric  Films  in 
Which  a High  Electric  Field  is  Present,”  Radio  Engineering  and  Electronic  Physics, 
Vol.  9,  No.  ll,p.  1583,  1964. 

This  article  reviews  possible  mechanisms  for  electron  emission 
from  dielectric  films  including  porous  layers.  Gives  status  as  of 
1964. 


II.  Secondary  Electron  Conduction  and  Transmission  Secondary  Emission  Devices 

22.  “A  Proposal  For  a Study  of  the  Design  Problems  on  an  Integrating  Television  Tube  for 
Astronomical  Research,”  Proposal,  CBS  Laboratories,  Stamford,  Conn.,  No.  CLD-572, 
January  16, 1964. 

The  proposal  discusses  the  use  of  the  vidicon,  image  orthicon, 
ebicon,  and  SEC  vidicon  as  integrating  television  tubes  for  astro- 
nomical research.  It  is  indicated  that  any  CBS  integrating  camera 
tube  would  use  a low-density,  alkali  halide  target. 

23.  Alting-Mees,  H.  R.:  “Uvicon  Contract  SD-22-13,”  Final  Report,  Westinghouse  Electric 
Corporation,  ETD,  Electro-Mechanical  Research  No.  DS-22-13,  Smithsonian  Astro- 
physical  Observatory,  No.  Sl-522,  NASA  No.  NASS-1S35. 
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Report  describes  manufacture  and  testing  of  Uvicon  tubes  during 
the  period  October  1964  to  September  1966.  Included  are  tables 
giving  detailed  test  information  and  an  addendum  discussing  the 
digital-scan-crossover  problem. 

24.  Alting-Mees,  H.  R.:  ‘Test  of  Charging  Effect  on  a Uvicon  Target,”  Technical  Report, 
Westinghouse  Electric  Corporation,  ETD,  October  18, 1966. 


A brief  report  of  experimental  data  on  the  charging  of  the  exit 
surface  of  a Uvicon  tube  during  the  presence  of  the  readout  beam. 

25.  Anderton,  H.  and  H.  Alting-Mees:  ‘‘The  Development  of  a Long  Integradon  SEC 
Camera  Tube,”  Westinghouse  Electric  Corporation,  ETD,  Elmira,  New  York,  ET-30, 

Final  Technical  Report  on  Contract  No.  86PE-87-43387-0S,  November  1967. 

This  report  describes  the  modification  of  the  Westinghouse  SEC 
tube  WX-5419B  to  achieve  long-time  integration  for  astronomical 
observations. 

26.  Anderton,  H.  and  R.  R.  Beyer:  ‘‘Dynamic  Imaging  With  Television  Cameras.”  Paper 
presented  at  Fourth  Symposium  on  Photoelectronic  Image  Devices  (London,  1968)  in 
Advances  in  Electronics  and  Electron  Physics,  (Academic  Press,  L.  Marton,  Editor), 
volume  in  press. 

This  is  a general  paper  on  dynamic  imaging;  however,  performance 
curves  are  given  for  SEC  tubes,  intensifler  SEC  tubes,  and  image 
orthicons. 

27.  Beyer,  R.  R.  and  G.  W.  Goetze:  ‘‘An  Optically  Scanned  SEC  Camera  Tube,”  Advances 
in  Electronics  and  Electron  Physics,  (Academic  Press,  L.  Marton,  Editor),  Vol.  22A, 
pp.  241-250, 1966. 

A good  article  indicating  the  resolution  and  noise  capabilities  of 

SEC  tubes  with  optical  scanning  replacin'*  the  readout  gun.  / 

28.  Beyer,  R.  R.,  M.  Green,  and  G.  W.  Goetze:  ‘‘Point  Source  Imaging  With  The  SEC 
Target,”  Advances  in  Electronics  and  Electron  Physics,  (Academic  Press,  L.  Marton, 

Editor),  Vol.  22A,  pp.  251-260, 1966. 

A comprehensive  article  discussing  sensitivity,  reciprocity,  photo- 
metric range,  and  photometric  reproducibility  of  image  tubes 
using  SEC  targets  with  point  source  images. 

29.  Boerio,  A.  H.:  ‘‘ATM  Program  NAS8-20860,”  Final  Report  Phase  I,  March  1969. 

The  primary  objective  for  Phase  I of  the  ATM  Project  was  to 
redesign  the  WX-31189  SEC  camera  tube  to  satisfy  the  vibration 
requirement  This  resulted  in  the  WX-3 1 1 89N. 
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30.  Boerio,  A.  H.  and  G.  W.  Goetze:  “The  Application  of  the  Low  Density  KCl  Target  to 
Signal  Amplification  and  Storage  in  Camera  Tubes,”  Scientific  Paper,  Westinghouse 
Research  Laboratories,  Pittsburgh,  Pennsylvania,  No.  62-1 12-252-P3,  August  1,  1962. 

An  excellent  report  describing  parameters  effecting  contrast  and 
the  characteristics  of  direct  readout  tubes  using  low-density  KCl 
targets. 

31.  Boerio,  A.  H.  and  J.  Mueller;  “Exploratory  Development  of  Ultraviolet  Imaging 
Devices,”  Final  Technical  Report.  Westingliouse  Electric  Corporation,  ETD,  No. 
AFAL-TR-66-4,  Final  Report  Contract  No.  AF33(615)-1991,  Wright-Patterson  Air 
Force  Base,  Ohio,  February  1 966. 

A comprehensive  study  of  enhancing  the  capability  of  ultraviolet 
camera  tubes  in  the  radiation  region  of  2800  to  3200  angstroms. 

32.  Bums,  J.:  “Modem  Image  Tube  and  Their  Applications,”  IEEE  International 
Convention  Record,  Part  7,  p.  49,  March  1967. 

Discusses  image  tubes  in  general.  Indicates  advantages  in  use  of 
low  density  layers  for  TSE  and  the  important  advantages  of  the 
SEC  tube  over  the  vidicon  and  image  orthicon. 

33.  “Camera  Tube  For  Ultra-Violet  Radiation,”  Radio  and  Electronic  Engineer,  Vol.  37, 
p.  46,  January  1969. 

Brief  discussion  of  the  Uvicon,  used  in  NASA’s  unmanned  satel- 
lite, the  Orbiting  Astronomical  Observatory,  OAO-A2. 

34.  Doughty,  D.  D.:  “Ultraviolet  Sensitive  Camera  Tubes  Incorporating  the  SEC 
Principle,”  Advances  in  Electronics  and  Electron  Physics,  (Academic  Press,  L.  Marton, 
Editor),  Vol.  22A,  p.  261,  1966. 

Describes  the  general  properties  of  the  Uvicon,  including  the  types 
of  photosurfaces  and  input  windows  and  the  overall  tube  perfor- 
mance characteristics. 

35.  Doughty,  D.  D.,  W.  Diverts,  and  E.  G.  Vaerewyck:  “Fabrication  of  Uvicon  Tubes,” 
Final  Report,  Westinghouse  Research  Laboratories,  Pittsburgh,  Pennsylvania,  Sub- 
contract No.  SD-22-12,  Electro-Mechanical  Research.  Inc.,  January  10, 1965. 

An  extensive  report  on  design,  manufacture,  and  testing  of  Uvicon 
tubes. 

36.  Doughty,  D.  D.,  W.  A.  Feibelman,  and  G.  W.  Goetze:  “Task  Force  Report  on  Uvicon 
Tubes,”  Westinghouse  Research  Laboratories,  Pittsburgh,  Pennsylvania,  Research 
Report  No.  63-1 12-252-Rl,  July  16, 1963. 

Describes  efforts  to  improve  the  characteristics  of  Uvicon  tubes  to 
meet  performance  specifications  for  flight  models. 
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37.  FUby,  R.  S.,  S.  B.  Mende,  and  N.  D.  Twiddy:  “A  Television  Camera  Tube  Using  a Low 
Density  Potassium  Chloride  Target,”  Advances  in  Electronics  and  Electron  Physics, 
(Academic  Press,  L.  Marton,  Editor),  Vol.  22A,  p.  273. 

A good  article  describing  the  characteristics  of  the  SEC  type  of 
camera  tube  and  including  some  detail  on  target  fabrication  and 
structure. 

38.  Filby,  R.  S.,  S.  B.  Mende,  and  N.  D.  Twiddy:  “The  Detection  of  Faint  Optical  Images 
by  Charge  InUgtiiion,”  InternatiorutlJounud  of  Electronics,  Vol.  19,  p.  387,  1965. 

A new  television  camera,  intended  for  scientific  application, 
having  a very  high  sensitivity  and  good  storage  properties. 

Excellent  and  complete  discussion  of  SEC  and  TSE  of  low  density 
targets  in  direct  readout  camera  tubes  and  tube  characteristics. 

39.  Filby,  R.  B.,  S.  B.  Mende,  M.  E.  Rosenbloom,  and  N.  D.  Twiddy:  ‘‘A  New  Television 
Camera,  Intended  for  Scientific  Applications,  Having  a Very  High  Sensitivity  and  Good 
Storage  Properties,”  A/a/ure,  Vol.  201,  p.  801,  February  22, 1964. 

A brief  article  describing  the  operation,  characteristics,  and  use  of 
camera  tubes  using  low  density  targets  (i.e.,  SEC  tubes). 

40.  Goetze,  G.  W.:  “On  The  Use  of  Transmission  Secondary  Emission  for  Electrical 
Storage  Devices,”  Research  Report,  Westinghouse  R & D Center,  No.  12-1  SOS- 1-R3X, 
October  1960. 

The  influence  of  charging  of  thin  film  layers  on  secondary  electron 
emission  is  discussed  and  the  beneficial  effects  of  such  charging  on 
low  density  layers  for  use  in  TSE-type  devices  is  indicated.  This 
report  is  primarily  analytical  in  nature. 

41.  Goetze,  G.  W.  and  A.  H.  Boerio:  “SEC  Camera  Tube  Performance  Characteristics  and 
Applications.”  Paper  presented  at  Fourth  Symposium  on  Photoelectronic  Image 
Devices  (London,  1968)  in  Advances  in  Electronics  and  Electron  Physics,  (Academic 
Press,  L.  Marton,  Editor),  volume  in  press. 

This  paper  describes  in  some  detail  the  types  of  SEC  camera  tubes 
in  regular  production  and  their  employment  in  low-light-level 
television,  color  television  cameras,  tod  scientific  applications. 

42.  Goetze,  G.  W.  and  A.  H.  Boerio:  “Secondary  Electron  Conduction  (SEC)  For  Signal 
Amplification  and  Storage  in  Camera  Tubes,”  Proceedings  of  the  IEEE,  Vol.  S2, 
pp.  1007-1012, 1964. 

Good  brief  discussion  of  the  SEC  operation  and  parameters  of 
tubes  of  the  direct  readout  type  employing  SEC  targets. 
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43.  Goetze,  G.  W.,  A.  H.  Boerio,  and  H.  Shabanowitz;  “Applied  Research  on  SEC  Ampli- 
fication Camera  Tube,”  Westinghouse  Research  Laboratories,  Pittsburgh,  Pennsylvania, 
Research  Report  No.  63-91 2-25  5-R8,  August  23,  1963. 

Report  describes  the  design,  construction,  and  evaluation  of 
several  camera  tubes  using  the  SEC  target  and  S-20  photocathode. 

The  use  of  low-velocity,  direct-beam  target  scanning  and  target 
suppressor  mesh  is  discussed. 

44.  Green,  M.,  R.  R.  Beyer,  and  H.  R.  deVries:  “Exploratory  Development  of  High 
Resolution  Television  Camera  Tubes,”  Final  Technical  Report,  Westinghouse  Electric 
Corporation,  ETD,  No.  AFAL-TR-65-271,  Final  Report  Phase  I,  Contract 
AF33(514)-1271,  Wri^t-Patterson  Air  Force  Base,  Ohio,  November  29,  1965. 

This  is  an  extensive  report  on  the  development  of  high- 
performance  television  camera  tubes  by  exploiting  the  capabilities 
of  the  SEC  target.  Covers  woilc  performed  from  May  1964 
throu^  June  1965. 

45.  Green,  M.:  “The  Influence  of  the  Reading  Beam  Diameter  on  the  Transfer  Function  of 
an  SEC  Camera  Tube,”  Westinghouse  ETD,  Elmira,  ET-13,  December  15, 1965. 

A detailed  report  on  the  transfer  function  of  an  SEC  tube  from 
both  theoretical  and  experimental  analyses. 

46.  Green,  M.:  “Image  Subtraction  With  The  SEC  Vidicon,”  Research  Memorandum, 
Westinghouse  Research  Laboratories,  Pittsburgh,  Pennsylvania,  August  31, 1964. 

Report  discussed  differential  operation  of  an  SEC  vidicon  in  which 
images  can  be  formed  on  the  target  as  either  positive  or  negative 
potential  distributions.  Through  proper  operation,  subtraction  of 
one  image  from  another  can  be  achieved. 

47.  Heimann,  W.,  M.  Hemunn,  and  C.  Kunze:  “SEC  Television  Pick-Up  Tube.”  Paper 
presented  at  Fifth  Symposium  International  de  Tel^ion,  Montreaux. 

A general  review  of  the  SEC  tube  and  how  it  operates. 

48.  Hertel,  Richard  James:  “The  Porous  KCl  Layer  Vidicon  as  an  Electron  Microscope 
Image  Detector,”  (MS  Thesis),  Cornell  University  (Ithaca,  New  Yoric),  Materials 
Science  (jenter.  Report  1053,  February  1969. 

A discusrion  and  comparison  of  the  use  of  photographic  materials 
and  a special  electron  image  tube  as  hi^resolution,  electron- 
microscope  image  detectors.  Particular  attention  is  given  to 
determining  what  is  necessary  to  achieve  the  minimum  detector 
noise.  The  limits  of  performance  of  the  photographic  plate  and  the 
image  tube  are  analyzed,  and  the  optimization  of  the  noise  perfo^ 
mance  vs.  bandwidth,  resolution,  and  storage  capacity  are 
discussed. 


561 


CAMERA  TUBES  EMPLOYING  ELECTRON-fMAGING 

49.  Klotzbaugh,  G.  A.:  “Research  and  Development  of  a Camera  Tube  For  Night 
Viewing,”  Westinghouse  R & D Center,  Research  Report  No.  64-91 2-255-R7, 
December  3, 1964.  Final  Report  Contract  No.  DA  316-03 9-AMC-05  205(E). 

This  is  a good  report  describing  the  complete  results  on  a low-light- 
level  camera  tube  which  employs  an  SEC  target  with  two  TSE 
dynodes  for  pre-beam  multiplication. 

50.  Marshall,  F.  B.  and  G.  D.  Roane:  “Performance  Comparison  of  the  SEC  Camera  1 t’be 
and  the  Image  Orthicon,”  Advances  in  Electronics  and  Electron  Physics,  (Acadeiuic 
Press,  L.  Marton,  Editor),  Vcl.  22A,  p.  291, 1966. 

Gives  quantitative  comparison  data. 

51.  Mergers,  Paul:  “Noise  Limited  Resolution  of  Low  Light  Level  Camera  Tubes,"  Dalmo- 
Victor  Company,  Report  No.  R-OO-3258,  September  16, 1963. 

Presents  theoretical  analysis  of  the  image  orthicon  and  the 
Westinghouse  SEC  vidicon. 

52.  Parrish,  W.  F.  and  P.  D.  Lee:  “Comparison  of  Underwater  Camera  Tubes,”  Westing- 
house OR-t-EC,  Annapolis,  Maryland,  Report. 

A vidicon  and  SEC  camera  were  compared  on  the  basL*  of  noise, 

MTF  at  high  and  low  contrasts,  sensitivity,  response  to  scene 
motion,  and  response  to  bright  sources  within  the  fielc  of  view; 

90-percent  and  40-percent  contrast  underwater  resolution  charts 
were  used.  For  underwater  use,  SEC  shows  promise  because  of  its 
ability  to  operate  at  low  light  levels  and  because  of  its  better 
response  to  low  contrasts  and  moving  scenes. 

53.  Pietrzyk,  J.,  R.  Harder,  and  M.  Green:  “Exploratory  Development  of  High  Resolution 
Camera  Tubes,”  Westinghouse  Electric  Corporation,  ETD,  Elmira,  Technical  Report 
No.  ET-22,  October  1966.  Contract  No.  AF33(6 15)^1 27 1,  Wright-Patterson  Air  Force 
Base,  Ohio.  Report  No.  AFALpTR-66-2S5. 

This  report  coven  Phase  II  of  the  high-resolution  aimera-tube 
development  program.  Included  are  discussions  of  the  WX-S419B 
SEC  camera  tube  design,  tests,  photocathode  development  (S-20 
and  S-1),  and  performance  characteristics. 

54.  Randels,  R.  B.:  “Behavior  of  SEC  Camera  Tube  Under  Gamma  Irradiation,” 
Westinghouse,  Elmira,  Electronic  Tube  Division,  Image  Tube  Engineering 
Memorandum  No.  27,  February  28, 1969. 

Four  SEC  camera  tubes  were  subjected  to  gamma  irradiation  from 
a cobalt  60  source  to  dettrmine  whether  or  not  any  change  took 
place  in  performance  of  the  irradiatiotk  No  permanent  irreversible 
effects  were  observed. 
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55.  Randels,  R.  R.:  “Development  of  Manufacturing  Methods  for  Production  of  Wide 
Dynamic  Range  Television  Pickup  Tubes/’  Westinghouse  Electric  Corporation,  ETD, 
Elmira.  Technical  Report,  AFML-TR-67-58,  Part  I,  March  1967  (Classified). 

This  is  an  extensive  report  on  the  design  and  process  engineering 
studies  affecting  tube  performance  and  production  yield  of  three 
SEC  camera  tube  types. 

56.  Randels,  R.  B.;  “Manufacturing  Methods  for  Production  of  a Wide  Dynamic  Range 
Television  Pickup  Tube,’’  Air  Force  Materials  Laboratory  Technical  Report 
AFML-TR-67-58,  Part  II,  “Three-Inch  Magnetic  and  Electrostatic  Tube  Environmental 
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60.  Smith,  H.  M.,  J.  E Ruedy,  and  G.  A.  Moi  ton:  “Performance  of  a Photomultiplier  With 
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63.  “Study  of  the  Design  Problems  on  a Integrating  Television  Tube  for  Astronomical 
Research,”  Final  Report,  Westinghouse  Electric  Corporation,  ETD,  Subcontract  No.  1, 
NASA  Grant  NSG-414,  December  1964. 
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While  dealing  primarily  with  photoconductive  electroluminescent 
radiation  conversion  panels,  this  paper  discusses  their  use  in 
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Westin^ouse  Research  Laboratory  Report  No.  68-8C4-COMPA-R1,  May  21,  1968, 
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This  report  describes  electron  optical  design  of  a 40/32mm 
zoom  image  section  '\>t  an  SEC  camera  tube.  The  design  inco^ 
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Vol.  76,  p.  254,  1967. 

Abstract  of  paper  presented  at  101st  Technical  Conference  of 
SMPTE,  New  York,  April  19,  1967.  Discusses  the  use  of  the  SEC 
effect,  making  possible  the  hand-held  camera  tube  for  the  Apollo 
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70.  Wilcox,  H.  S.:  “Production  of  WX-31034  Lunar  Camera  Tube,”  Final  Technical  Engi- 
neering Report,  Prime  Contract  No.  NAS9-3548,  Subcontract  No.  86PK-87-96641-0S, 
January  1967  (Qassified). 
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Speci.ll  Report  No.  282. 
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Astronomical  Photometry,”  Advances  in  Electronics  and  Electron  Physics,  (Academic 
Press,  L Marton,  Editor),  Vol.  22B,  p.  875,  1966. 

A fine  article  discussing  the  characteristics  of  the  sys  em  comr 
prised  of  the  Uvicon  SEC  camera  tube  and  celescope. 

73.  Green,  M.:  “Observation  With  an  Ultrasensitive  TV  Camera,”  Sky  and  Telescope, 
Vol.  35,  pp.  140-143,  March  1968. 

Discusses  use  of  SEC  camera  tube  and  image  intensifler  operating 
together  to  view  faint  astronomical  objects. 
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Image  Devices  (London,  1968),  Advances  in  Electronics  and  Electron  Physics, 
(Academic  Press,  L.  Marton,  Editor),  volume  in  press. 

Describes  experiments  carried  out  at  the  Allegheny  and  McDonald 
Observatories.  This  is  an  excellent  detailed  paper. 

75,  Grodski,  J.  J.  and  B.  W,  Schumacker:  “Local  Density  Determinations  in  Rarefied  Gas 
Glows  by  Measuring  the  Large-Angle  Single  Scattering  From  an  Electron  Beam,”  I.S.A. 
Transactions,  Vol,  6,  p.  103, 1967. 

Includes  in  the  discussion  the  advantage  of  using  an  SEC  tube  to 
obtain  a two-dimensional  cross-section  of  the  local  density 
distribution  in  the  gas  flow. 


76.  Hansen,  J.  R.:  “High  Resolution  X-Ray  Non-Destructive  Testing,”  Westinghouse 
Research  Laboratories,  Pittsburgh,  Pennsylvania,  Research  Memorandum  67-102- 
TAECP-M2,  December  15, 1967. 

This  report  describes  a system  for  nondestructive  testing  using  a 
WX-30691  SEC  camera  tube  with  X-ray  sensitive  fluorescent 
screens.  Use  of  commercially  available  X-ray  screens  and  two 
thicknesses  of  Csl  (Tl)  as  wavelength  converters  is  discussed  and 
evaluated.  Preliminary  results  on  the  use  of  a fiber  optic  magnifier 
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77.  Hansen,  J.  R.:  “Use  of  an  SEC  Camera  Tube  for  Recording  Faint  Celestial  Objects,” 
Westinghouse  Research  Laboratories,  Pittsburgh,  Pennsylvania,  Research  Memorandum 
67-1C2-TAECP-M1,  December  5,  1967. 
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Applications,”  Westinghouse  Research  Laboratories  Memorandum  No.  68-1C2- 
TAECP-Ml,  May  27, 1968,  (Westinghouse  Confidential). 

An  experiment  at  McDonald  Observatory,  University  of  Texas, 
demonstrated  some  of  the  advantages  of  using  an  SEC  television 
camera  to  observe  and  to  record  a variety  of  celestial  objects.  The 
equipment  used  consisted  of  the  Westinghouse  WL-30691  SEC 
camera  tube  installed  in  an  improved  Westinghouse  STV  606 
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sifier  SEC  Camera  Tube,”  Westinghouse  Electronic  Tube  Division,  Elmira,  Engineering 
Report  ET-35,  January  21,  1969. 
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Astronomy,”  Princeton  (N.J.)  University  Report,  October  18,  1968. 
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Westinghouse  WX-5419B  SEC  vidicon  and  of  the  1-mil  mesh 
spacing  image  isocon. 

81.  Mende,  S.  B.  and  B,  J.  O’Brien:  “A  Higli  Sensitivity  Satellite-Borne  Television  Camera 
for  the  Detection  of  Auroras,”  Applied  Optics,  Vol.  7,  pp.  1625-1634, 1968. 

A high  sensitivity  satellite-borne  television  camera,  using  an  SEC 
television  camera  tube  as  the  light  sensor,  has  been  developed  to 
measure  such  faint  light  sources  as  auroras. 

82.  Mende,  S.  B.:  “A  Low- Light-Level  Slow-Scan  TV  Camera  for  Satellite  Applications,” 
Rice  University  (Houston,  Texas),  Dept,  of  Space  Science  Report,  January  1968. 

A short  description  of  the  Owl  Satellite  television  camera  system 
and  of  several  unique  design  features  used  with  the  SEC  vidicon 
tube  is  presented. 

83.  Miller,  J.  S.  and  E.  J.  Wampler:  “Television  Detection  of  the  Crab  Nebula  Pulsar,” 
Nature,  Vol.  221,  pp.  1037-1038,  1969. 

This  article  discusses  the  use  of  a Westin^ouse  television  camerr 
using  an  image  intensifier  coupled  to  an  SEC  camera  tube  to 
photograph  a pulsar  in  the  Crab  Nebula  at  Lick  Observatory, 

California,  February  3, 1969. 

84.  Nozawa,  Y.:  “A  Digital  Television  System  for  a Satellite-Borne  Ultraviolet  Photom- 
eter,” Advances  in  Electronics  and  Electron  Physics,  (Academic  Press,  L.  Marton, 
Editor),  Vol.  22B,  p.  865, 1966. 

A good  article  discussing  the  vidicon  characteristics  and  problems 
in  relation  to  its  use  in  the  ultraviolet  photometer  system. 
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85.  “Visible  Pulsar,”  Scientific  American,  Vol.  220,  p.  46,  March  1969.  (Photographs  on 
p.  49.) 

A WL-32000  SEC  camera  tube  coupled  with  an  image  intensifier 
was  used,  and  Pulsar  NP  0532  was  associated  with  an  optically 
visible  object.  The  observations  and  photographs  were  made  at 
Lick  Observatory,  California. 


Appendix  C 
(G.W.  Goetze) 


This  appendix  is  comprised  of  fourteen  illustrations  of  condensed  data  on  flve  SEC 
camera  tubes. 
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Figure  Ol.  Physical  data  on  SEC  camera  tubes. 
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Figure  02.  Operating  data  on  SEC  camera  tuba. 
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Figure  C-4.  Electrical  charactertstks  of  SEC  camera 
tubes. 
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The  Performance  and  Capabilities  of  Recently 
Developed  Plumbicon  TV  Camera  Pickup  Tubes 

R.  S.  Levitt 

Amperex  Electronics  Corporation 


Introduction 

The  Amperex  Plumbicon®,  developed 
(refs.  1,  2,  3)  by  the  Philips  Research  Labora- 
tories of  Eindhoven,  The  Netherlands,  some 
10  years  ago,  and  introduced  into  the  United 
States  only  3 years  ago,  has  now  become  the 
standard  and  most  widely-used  color  tele- 
vision camera  tube  in  the  world  (ref.  4). 

The  Plumbicon  is  a vidicon  type  of 
television-camera  pickup  tube,  which  uses  for 
its  photosensitive  element  a layer  of  semi- 
conducting oxide  of  lead  (ref.  I).  (Lead  is 
plumbum  in  Latin;  hence,  the  name 
“Plumbicon.”)  Recent  developments  in  the 
Plumbicon  have  resulted  in  improved  versions 
that  have  improved  wavelength  sensitivity 
(ref.  S),  lag  (ref.  6),  resolution,  smaller  size, 
and  various  electron  guns  (ref.  7)  while  re- 
taining all  the  other  quality  features  of  the 
original  Plumbicon.  In  the  course  of  this 
paper,  we  will  review  the  properties  of  the 
currently  used  Plumbicon  (ref.  8),  update  its 
performance  specifications,  describe  the  re- 
sults of  our  most  recent  developments,  and 
discuss  a new  electron  gun  (ref.  9)  currently 
under  investigation  by  J.H.T.  van  Roosmalen 
of  the  Philips  Research  Laboratories.  This 
new  electron  gun  can  greatly  extend  the  dy- 
namic range  of  the  Plumbicon  upwards  by 
several  orders  of  magnitude  and,  hence,  can 
correct  “comet-tailing”  (ref.  10). 

We  should  like  to  note  that  the 
Plumbicon,  although  originally  invented 
(ref.  1 ) and  developed  (ref.  2)  in  Holland,  is 
currently  being  manufactured  and  further 
developed  by  the  Electro-Optical  Devices 
Division  of  the  Amperex  Electronic  Corpora- 


^Registeied  Tiademaik,  I4orth  American  Fhilipe  Co., 
Inc. 


tion  of  North  American  Philips  Co.,  Inc., 
Slatersville,  Rhode  Island.  The  work  and  data 
to  be  described  is,  however,  primarily  the 
work  of  the  staffs  of  the  Research  and  the 
Professional  Tube  Development  Laboratories 
of  Philips.  They  are  responsible  for  the  pres- 
ent excellent  state-of-the-art  of  the 
Plumbicon. 

Plumbicon  Characteristics 

By  the  use  of  lead  oxide  as  the  photo- 
sensitive element  (ref.  11),  it  has  been  pos- 
sible to  realize  some  rather  unique  features 
for  the  Plumbicon  (ref.  2).  These  are  outlined 
in  figure  1.  Ihe  first  seven  of  these  features 
(high  sensitivity,  very  low  dark  current,  non- 
dependence on  target  voltage,  near-unity 
gamma,  very  fast  lag  or  signal  decay,  very 
adequate  resolution,  and  little  or  no  tempera- 
ture dependence)  occur  because  the  thin, 
evaporated,  polycrystalline  lead-oxide  layer 
(ref.  12)  behaves  as  if  it  were  a layer  of 
closely  packed,  reverse-biased,  wide-gap, 
neatly  intrinsic  photodiodes  with  blocking 
contacts  (refs.  13,  2,  and  3).*  In  the  more 
common  vidicons,  the  photosensitive  layer  is 
a p-type  photoconductor  with  Injecting  con- 
tacts and,  hence,  is  very  dependent  on  bias 
voltage  and  temperature,  and  has  a very  high, 
variable  dark  current  and  a very  long  lag.  We 
do  not  intend  to  explain  in  detail  how  these 
Plumbicon  features  occur;  rather,  we  will  only 
present  and  describe  them  briefly,  referring 


* duQutenier,  P.  J.:  Private  communkathm.  Re- 
search Labs,  N.V.  FhSipt*  OoeTampeaftbiiekeii, 
Eindhoven,  The  Netheriandt.  This  description  is 
now  pnfened  to  the  eariierones  (refs.  2 and  3), 
adiich  likened  the  FbO  la)rer  to  a lajrer  of  p-i-n 
photodiodes. 
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Figure  I.  Features  of  the  Ptumbkon. 

the  more  interested  reader  to  the  pertinent 
published  works  for  the  physics  (lef.  14).  We 
also  intend  to  cover  only  features  1 through  7 
in  figure  1.  We  will,  however,  discuss  the 
claimed  “potentially  excellent"  highlight- 
handling capabilities  of  the  new  van 
Roosmalen  “flyback  highlight-dis:harge”  elec- 
tron gun.  As  far  as  features  9 to  1 3 (fig.  1 ) are 
concerned,  we  claim  the  follov/ing:  (l)the 
bum-in  or  retention  of  brightly  lit  images  is 
very  low  and  is  mostly  absent,  even  up  to 
several  lO’s  of  foot-candles  on  the  faceplate; 
(2)  the  signal-to-noise  ratio  is  very  high  and  is, 
as  is  generally  the  case  with  vidicons,  usually 
limited  by  the  noise  of  the  first  video  pre- 
amplifier stages  (ref.  IS);  (3)  the  Plumbicon  is 
relatively  rugged  and  can  made  more  so; 
(4)  the  operation  of  the  Plumbicon  is  simple 
and  strai^tforward  and  remains  stable  during 
operation  (ref.  16);  and,  (5)  it  has  an  excel- 
lent life,  in  excess  of  1000  hours  for  most 
types. 

Sensitivity  and  Dark  Current 

The  first  of  the  distinguishing  features  of 
the  Plumbicon  arc  illustrated  in  figure  2 for 
the  XQ1020,  a 30-miUimeter-diameter, 
separate-mesh  Hurobicon.  This  camera  tube 
htf  a typical  luminous  sensitivity  of  400 
microamperes  per  lumen  in  287(TK  tungsten 
light.’  This  is  a good  deal  better  than  has 
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Figure  2.  Signal  current  and  observed  dark  current 
versus  target  potential  of  a typical  XQ1020  type 
Plumbicon  with  a fixed  1-milWumen  (2870° K}  tar- 
get illumination.  In  practice,  a value  of  45  volts  is 
gene^dly  used,  at  which  point  both  i^  and  i^  have 
reached  or  nearly  reached  saturation. 


been  previously  quoted  (refs.  1 7 and  2).  Like- 
wise, the  observed  dark  current  is  typically 
about  0.8  nanoamperes,  considerably  lower 
than  the  usually  quoted  (refs.  1 7 and  2)  maxi- 
mum allowable  value  of  3 nanoamperes. 
Moreover,  most  of  the  observable  dark  cur- 
rent is  thought  to  originate  from,  and  to  be 
controOed  by,  the  light  of  the  filament  strik- 
ing the  layer.  The  true  “intrinsic”  dark  cur- 
rent is  thought  to  be  considerably  lower. 

We  see  in  figure  2 that  the  signal  current 
saturates  as  the  target  voltage  is  increased. 
This  is  just  what  is  expected  for  a reverse- 
biased,  nearly  intrinsic  photodiode  with 
blocking  contacts  (ref.  13).’  In  practice,  a 
target  bias  of  45  volts  is  used.  With  the  signal 
current  of  400  nanoamperes  resulting  from  a 
1-millilumen  2870**K  illumination  on  the 
faceplate  (about  one-half  of  a foot-candle), 
the  observed  dark  current  is  some  five  hun- 
dred times  smaller  than  the  signal  current  and, 
hence,  completely  negligible  over  the  entire 
area  of  the  faceidate.  It  is  not  the  dark  cur- 
roit,  therefore,  which  limits  the  low-level  re- 
sponse of  the  numbicon  but  rather  the 


’ Ahemateiy,  8.2  uiA/watt  (2870^.  To  convert  from 
luminouf  to  ladiaiit  units,  see  Appendix. 
*duChatenier,(if)i  dt. 
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equivalent  input  noise  (about  3 nanoamperes 
rms)  of  the  video  preamplifler  stages. 

Transfer  Characteristics 

In  figure  3 are  gh'en  the  transfer  charac- 
teristics for  the  tube  in  figure  2.  The  slope  of 
this  curve  is  defined  as  the  gamma;  for  the 
Plumbicon,  the  curve  is  between  0.9  and  1 .0, 
typically  0.95.  This  is  the  result  we  would 
expect  if  all  the  photogenerated  charge  car- 
riers were  swept  across  the  bulk  of  a neirly- 
intrinsic  photodiode  in  a short  time  (“short” 
as  compared  to  their  lifetime).  In  the  lead- 
oxide  layer  of  the  Plumbicon,  almost  all  of 
the  layer  constitutes  the  nearly-intrinsic  re- 
gion. A p-region  faces  the  electron  gun, and  an 
n-region  faces  the  lens.  These  regions  are  very 
thin  layers  that  serve  mainly  as  blocking  con- 
tacts to  the  nearly-intrinsic  region  to  prevent 
injection  of  charge  carriers  (ref.  18).  There- 
fore, a very  low  ds.rk  current  should  result. 
The  high  sensitivity  comes  about  due  to  a 
high  photon-to  electron  conversion  efficiency 


(quantum  efficiency )-close  to  100  percent- 
over  a wide  portion  of  the  visible  spectra)  re- 
gion (ref.  1 9).  The  upper  limit  to  the  transfer 
characteristic  is  set  by  the  available  beam 
current,  and  the  lower  limit  is  set  to  detect- 
ability; i.e.,  equivalent  amplifier-input  noire. 

Lag 

In  figure  4 is  shown  heretofore  undis- 
closed data  on  Plumbicon  lag.  Lag  is  the  de- 
cay of  signal  after  the  source  has  been  turned 
off,  measured  in  this  figure  after  60  milli- 
seconds (in  the  third  field  of  the  62S-line, 
50-fields-per-second,  European  system  in 
which  the  measurements  were  made)  and 
expressed  as  the  percentage  of  initial  value  of 
the  signal  (i.e.,  with  the  source  on).  For 
normal  scene  illumination,  the  signal  current 
can  be  typically  100  to  200  nanoamperes  so 
that  lag,  as  shown  here,  is  typically  less  than 
4 percent.  The  rise  in  lag  as  the  signal  current 


Figure  3.  Timafer  characteristics  far  a typical 
XQ1020  type  of  Fiumbkon  at  a target  potenM  of 
45  volts  in  287(fK  illumination.  As  the  slope  or 
“gamma”  of  this  curve  it  nearly  unity,  thm  the 
unsitivtty  in  pAmplhtmen  it  nearly  constant  over 
the  entire  range  of  target  illuminations:  Le., 
<2x  1(T*  to  >5x10'^  foot<andla  (<5x  ICT*  to 
>I  X W*  lumens).  The  target  area  it  2.2  cm*. 


field.  The  current  if,  is  the  maximum  possible 
“beam  current"  incident  at  the  target  and,  as  such, 
represents  the  maximum  value  of  signal  current 
that  can  fust  be  stabilized.  The  rise  in  lag  as  /j  (and 
hence  target  illumination)  decreases  is  due  mostly 
to  the  reduction  in  the  number  of  electrons  in  the 
beam  which  during  any  one  scan  can  btnd  on  the 
target  dischargbtg  the  potential  distribution  created 
there  by  the  inddmt  low-level  photon  flux. 
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decreases  is  mostly  due  to  the  inabilitv  of  tlie 
electron  beam  to  discharge  the  layer  ade- 
quately during  one  or  more  fields.  This  type 
of  lag  is  called  “beam-discharge”  lag  and  is 
chaxacterized  by  a dependence  on  the  capaci- 
tance of  the  layer  and  on  the  beam  accep- 
tance characteristics  of  the  gun  (ref.  6). 
Although  the  rise  in  lag  seen  here  at  low  signd 
levels  (resulting  from  low  light  levels)  looks 
rather  poor,  we  claim  this  performance  to  be 
quite  comparable  to  and  even  to  exceed  that 
of  the  published  curves  for  the  very  highly 
rated,  low-capacitance-target,  SEC  vidicon 
(ref.  20). 

Resolution 

In  figure  S,  we  have  illustrated  the  res- 
olution performance  of  the  XQ1020  by  plot- 
ting modulation  depth  in  the  center  of  the 
picture  against  the  number  of  TV  lines  in  a 
square-wave  test  pattern.  Although  a value  of 
signal  current  of  300  nanoamperes  is  given, 
there  is  virtually  no  dependence  on  signal  cur- 
rent (i.e.,  light  level)  except  that  the  resolu- 
tion is  deteriorated  in  a quite  predictable  way 
at  very  low  levels  by  video  noise  (ref.  21).  As 
we  will  see,  the  absorption  of  red  light  is 
much  weaker  than  that  of  green  or  Uue; 


5,  Ruobttkjn  for  « typical  XQ1020  type  of 
fbimbkoH  In  tmm  ofmoAdatkm  dqsth  ftquero- 
Mom  test  pettemf  at  dte  center  of  Ike  feeepkte, 
amttmteirrUklBTttKOiminatkm. 


hence,  red  light  is  more  scattered  by  the  layer; 
and,  consequently,  resolution  of  reds  can  be 
expected  to  be  somewhat  poorer  than  that  for 
blues. 

Temperature  Dependence 

The  temperature  dependence  of  sensi- 
tivity, lag,  and  resolution  is  indicated  in 
figure  6.  It  should  be  noted  that  these  curves 
are  only  representative  and  not  necessarily 
typical.  We  show  the  relative  or  percentage 
change  in  the  room  temperature  (*t’20*’C) 
value  over  the  temperature  range  from  -30*^  to 
-f60**C.*  We  see  that  the  sensitivity  is  rela- 
tively constant  with  temperature.  Because  the 
dark  current  is  thou^t  to  be  controlled 
mostly  by  filament  light,  we  expect  it  to  have 
no  temperature  dependence  up  to  60**  C;  and, 
indeed,  none  is  observed.  Ilie  modulation 
depth  at  400  TV  lines  fluctuates  about  the 


Figure  6.  Tempereture  dependences  of  specific 
XQ1020  type  of  Hturddcon;  moduletlon  depth 
fM.D.f,  luminous  tentitirity  fSi),  end 
dthtdOtaecand  lag  (lefUmd  eeelef  The  otdbuaet 
ere  bt  term  of  the  percent  of  chmgt  In  the  re^tee- 
the TtfCrdim,  the nmpdtudesofuihkhereghen 
in  the  insert  for  kg  The  figures  In  kmckets  en 
tube  ttrU  numbers.  The  perfirnnence  indketed 
may  differ  conslderebfy  for  different  tubes  end  en 
not  neetimiy  repretentethe  ofeOFhmkkona, 


*Hw  ibeotutriy  maximum  safe  operating  temper- 
ature (to  meet  the  guaranteed  Me,  for  example)  ie 
gran  in  data  eheete  f«  the  XQ1020  ee  S0*e. 
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mean  20®C  value,  but  other  samples  may 
show  the  exact  opposite  fluctuation.  lag  does 
exhibit  a consistent  temperature  dependence, 
increasing  to  about  200  percent  (a  factor  of 
2)  at  low  temperatures  and  1 SO  percent  at 
high  temperatures.  But  even  so,  the  resulting 
value  for  lag  of  S to  9 percent  is  still  quite 
acce'  ‘able,  especially  when  compared  to 
vidic-  operated  at  these  temperature  ex- 
tremes (ref.  22). 

Spectral  Response 

If  we  were  asked  to  point  out  any  major 
disadvantage  of  the  XQ1020  Plumbicon,  it 
would  be  its  sensitivity  at  the  red  end  of  the 
spectrum.  The  sensitivity  is  poor  here  because 
the  absorption  of  lead  oxide  (PbO)  cuts  off  at 
about  6200  angstroms.  This  is  not  very  seri- 
ous, but  it  can  be  objectionable  when  looking 
at  deep  reds,  purples,  or  magentas.  It  is 
possible  now  to  cvnect  this  condition  (ref.  5). 
For  this  purpose,  the  XQ1023,  the  extended 
red-sensitive  Plumbicon  (ref.  23)  has  been 
recently  introduced.  In  figure  7,  we  show  the 
typical  spectral  response  or  radiant  sensitivity- 
in  microamperes  per  microwatts  for  this  tube 
along  with  that  for  the  XQ1020.  It  should  be 
noted  that  the  XQ1023  has  an  overall  im- 
proved senntivity  in  green  as  well  as  in  red. 
This  has  been  accomplished  by  incorporating 
a small  amount  of  sulphur  into  the  layer  to 
form  a leadoxide  lead-sulfide  complex.  Tlie 
extended  red  sensitivity  can  then  be  attrib- 
uted in  part  to  the  small  energy  gap  of  lead 
sulfide  (approximately  0.4  electron  volts). 
Almost  all  the  other  unique  features  of  the 
standard  XQ1020  Plumbicon  are  retained  in 
the  new,  extended-red-sensitivity  XQ1023. 

It  is  necessary  to  comment  that,  in  order 
to  make  a correct  measurement  of  the  lumi- 
nous sensitivity,  Sl,  we  must  use  an  infrared 
cutoff  filter  (to  example,  a Balzer  type 
Bl/Kl,  which  has  a wavelength  cutoff  of 
6500  to  7000  angstroms)  to  exclude  the  con- 
siderable number  of  nonluminous  infrared 
photons  from  the  2870*K  tungsten  source,  to 
which  the  XQ1023  is  quite  sensitive.  The 
infrared  sensitivity  of  ^mbicons  is  illus- 


*BfcauM  of  tht  cowkltriblt  ttnti- 
tivlty  of  tht  XQ1023  to  nonluminout 
Onfrtrtd)  photont,  tn  I.R.  atttnutting 
filttr  is  ustd  and  incorpormtd  in  tht 
dtttrmlnation  of 

Figure  7.  Absolute  spectral  sendtivity  for  typical 
Pbimbiconx  The  extended  red  response  and  overall 
improvement  in  sensitivity  of  the  XQ1023  Fbsrnbh 
cen  is  due  to  the  incorporation  of  sulphur  as  an 
impurity  in  the  kad-oxide  layer.  For  comparison, 
the  luminous  sensitt  Ities  (Si)  in  pAmplhtmen  of 
287(fK  illumination  (without  antihalo  "button’) 
is  given  in  the  insert  for  the  respective  tubes,  (With 
the  “button,"  Si  is  decreased  by  12  Percent) 


trated  in  fi^eS.  In  specially  constructed 
tubes,  sensitivity  out  to  1.8  microns  has  been 
observed.  One  interesting  feature  seen  in  this 
curve  is  the  very  high  quantum  efficiency  of 
lead  oxide  towards  shorter  wavelengtlis.  The 
measurements  of  Mulder  and  deJonge 
(ref.  19)  of  Philips  Research  Laboratoriss 
indicate  a quantum  efficiency  of  100  percent 
for  X < 4000  angstroms  to  single  crystals  of 
PbO  measured  as  photoconducting  detectors. 
It  is  just  this  high  quantum  or  conversion 
efficiency,  together  with  a very  high  collec- 
tion efiidenev  that  u also  close  to  100  pen- 
cent,  which  has  given  the  Plumbicon  its  hi^y 
rated  place  in  the  tdevision  industry  (ref.  10). 


576 


OmCAL  TELESCOPE  TECHNOLOGY 


F^ure  S.  Alaaiute  spectral  sensitivity  of  typical 
Flumbkons  plotted  on  a log  scale  compared  widi 
lines  of  constant  quantum  efficiency.  The  dif- 
ferences in  sensitivity  beyond  0.6  microns  ate  more 
readify  apparmt  in  such  a plot,  which  otherwise  is 
the  same  as  figure  7.  The  Mgh  quantum  efficiency 
of  the  no  layers  is  to  be  noted. 

The  Plumbicon  Family 

Let  us  discuss  the  most  recent  develop- 
ments in  Plumbicons.  In  table  1,  we  show  our 
most  recent  portrait  of  the  Plumbicon  family 
(with  not  all  the  members  present,  however). 
We  can  separate  the  types  by  size:  (l)the 
standard  So-millimeter  size  (21-millimeter 
target),  which  includes  those  now  available, 

(2)  the  “developmental”  vidtcon  size  or 
1-inch  versions  (16-millimeter  target),  and 

(3)  the  “mini”  or  12X  size,  16•nullimete^ 
diameter  version  (lOmillimeter  target). 
Sketches  of  the  relative  sizes  of  these  types 
ate  shown  in  the  table.  For  electron  guns,  all 
combinations  of  focus  and  deflection  can  be 
achieved.  The  so-called  FPS  gun  (magnetic 
focus  and  deflectron  electrostatic  deflection), 
although  being  investigated  initially  in  a 
vidicon  version,  could  easily  be  adapted  to  a 
lead-oxide  target. 


For  layers,  both  the  standard  and  ex- 
tended red  versions  are  possible  for  any  size 
and  gun  combination.  Although  this  list  is  not 
inclusive,  but  rather  indicates  only  some  of 
our  current  investigations,  the  other  possi- 
bilities could  certainly  be  achieved,  given  the 
time,  personnel,  money,  and  especially  the 
demand. 

Plumbicon  Specifications 

The  following  is  a summary  of  some  of 
the  specifications  of  several  types  of 
Plumbicons  and  a comparison  of  these  specifi- 
cations with  those  for  a modern,  high  quality, 
separate  mesh,  all-magnetic  vidicon,  the 
Amperex  XQ1040  (ref.  24).  This  summary  is 
shown  in  table  2.  Because  several  parameters 
of  the  tube— namely,  output  capacitance, 
layer  capacitance,  and  resolution -depend 
upon  the  dimensions  of  the  target,  it  is  neces- 
sary to  compare  these  properties  for  the  three 
sizes  of  Plumbicons:  the  mini-size 
12XQ/12XQLR,  the  1-inch-size  16XQ,  and 
the  3 0-millimeter-size  standard 
XQJ020/XQ1023.  The  16XQ  has  been  de- 
veloped to  be  an  exact  replacement  for  the 
XQ1040  or  the  8507  1-inch  vidicon;  there- 
fore, it  is  valid  to  make  a one-to-one  com- 
parison between  the  16XQ  and  XQ1040, 
especially  for  those  parameters  directly  ef- 
fected by  target  diameter. 

Several  explanatory  remarks  are  neces- 
sary in  order  to  make  the  rather  large  amount 
of  data  contained  in  table  2 more  useful: 

1 . The  luminous  sensitivities,  , of  the 
extended  red-sensitivity  tubes  (12XQER  and 
XQ1023)  are  measured  by  incorporating  a 
suitable  infrared  absorbing  filter  placed  on  the 
faceplate  or  between  the  faceplate  and  the 
2870'*K  color-temperature  illumination 
source.  A single  figure  for  Plumbicon  sensi- 
tivity suffices  to  specify  the  performance  of 
the  Plumbicon  over  its  entire  operating  range, 
as  already  discussed.  For  the  vidicon,  how- 
ever, it  is  necessary  to  specify  both  light  level 
(or  signal  level)  and  dark  current  (or  target 
voltage)  as  is  done  in  this  table;  i.e.,  target 
voltage  set  to  give  20  microamperes  of  dailc 
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Table  1.  Members  of  the  Piumbkon  Family 


target  dug  10  mm 


16  mm 


21  mm 


TYPE 

12  XQ 

12  XQER 

16  XQ 

VIDIC 

m 


XQ1020 

X01023 

SXO 

ISXQ 

UYER 


RELATIVE 

SIZE 


— H 1.69( 


u 


a>  STUDIO  OR  INOUSTNiAL  GRADES  PRESENTLY  OR  SOON  AVAILABLE 
• POSSIBLE  COMBINATIONS 

X UNDER  INVESTIOATION 

•This  list  is  not  inclusive;  it  indicates  only  some  of  the  current  possibilities.  A version  of  the  XQ1020  with  a 
fiber-optic  faceplate,  called  the  7XQ,  is  also  under  development. 


current  and  0.75-foot-candle  faceplate  illumi- 
nation (refs.  22  and  24). 

2.  The  maximum  radiant  sensitivity, 
is  the  maximum  signal  in  microamperes 

per  microwatts  which  occurs  at  the  wave- 
length Xp,  the  wavelength  of  the  peak  in  the 
pertinent  spectral-response  curve,  it  is  actu- 
ally a measure  of  the  quantum  efficiency  of 
the  photosensitive  layer.  (We  should  actually 
compare  photosensitivities  in  electrons  per 
photon,  but  this  is  not  commonly  done.) 

3.  The  low  value  of  dark  cunent  of  the 
Plumbicon  should  be  especially  noted 
(ref.  10).  This  low  value  persists  over  the-30* 


to  +50"C  operating  range  of  the  Plumbicon 
(as  does  its  sensitivity  and  resolution).  This  is 
not  so  for  the  vidicon;  its  dark  current  and 
sensitivity  are  very  temperature-dependent 
(ref.  22).  The  value  of  20  microamperes  used 
for  the  XQ1040  vidicon  is  the  room  tempera- 
ture value  for  a target  potential  of  30  volts.  A 
lower  value,  comparable  to  that  of  the 
Plumbicon,  can  be  achieved  by  severely  re- 
ducing the  target  potential  but  at  the  cost  of  a 
drastic  loss  in  sensitivity. 

4.  The  figures  given  for  resolution  are 
in  terms  of  the  percent  modulation  depth  at 
400  TV  lines  at  the  center  of  the  target.  By 
“limiting  resolution,”  we  mean  the  number  of 
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Table  2.  Typical  Properties  of  Plumbicons  Compared  With  Those  of  a Typical  XQI040  Type  of  High 
Performance  Vidicon,  Both  Under  Normal  Opemting  Conditions. 


TYPICAL  PROPERTIES  OF  PLUMBICONS VIOICONS 

(NORMAL  OPERATION)  UNDER  2870*K  ILLUMINATION 


PLUMBICONS  I 

VIDICON 

TYPE 

12  XO  t 

l2X0ER*t 

16X0 

XO  1020 

^ ... 

X 0102  3 * 

X0I04O 

size:  DUM.  /length  (IN.) 

65  /s.  1 

.69/5.1 

(.0  / 6.25 

I.2/6.T 

1.2  / 6.7 

imn 

TAHGET  0146.  (mm) 

10 

10 

^8 

EDH 

21.4 

16 
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TV  lines  at  which  the  modulation  depth  is 
10  percent  of  the  modulation  depth  at 
100  TV  lines.  The  pertinent  values  of  signal 
current,  i^j-,  and  beam  current,  ikeam» 
which  the  resolution  is  measured  s^uld  al- 
ways be  stated,  as  is  done  in  this  table.  By 
“beam  current”  we  mean  the  maximum  signal 
current  that  can  be  just  stabilized;  i.e.,  the 
maximum  current  that  the  beam  can  deliver 
to  the  target. 

S.  The  values  quoted  for  lag  are  the  per- 
centages of  the  signal  current  remaining  in  the 


third  field  and  twelfth  field,  respectively, 
after  a bright  target  illumination  has  been 
turned  off  in  the  zeroth  field.  Because  of  the 
dependence  on  signal  current  (in  general,  lag 
increases  as  signal  current,  that  is,  light  level, 
decreases;  ref.  6),  and  the  dependence  to  a 
lesser  ''egree  on  “beam  current,”  the  perti- 
nent values  are  so  given  in  the  table. 

Vidicons  of  other  manufacturers  may 
perform  differently  (better  or  worse)  than 
the  one  illustrated  in  table  2.  In  general,  how- 
ever, the  Humbicon  will  almost  always  be 
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superior  in  dark  current,  gamma,  sensitivity, 
and  lag.  The  size  difference  between  the 
standard  Plumbicon  and  the  vidicon  has  now 
disappeared  with  the  introduction  of  the 
1-inch-diameter  16XQ  Plumbicon.  The  speci- 
fications for  the  12XQ  “mini”  Plumbicon 
have  not  yet  been  fully  determined;  hence, 
the  values  listed,  except  for  those  of 
geometry,  are  projections  based  upon  the  per- 
formance of  experimental  models.  For  ex- 
ample, as  the  size  of  the  target  decreases,  we 
would  expect  the  resolution  to  decrease;  but 
it  is  not  target  size  alone  that  controls  resolu- 
tion. Through  good  design  of  the  half-sized 
target,  the  resolution  loss  is  only  about  one- 
half  at  400  TV  lines.  This  is  because  a thinner 
layer  is  used;  a thinner  layer  will  result  in  a 
small  loss  of  sensitivity.  We  might  then  expect 
an  increase  in  lag  due  to  the  increase  in  layer 
capacitance  attendant  with  a thinner  layer, 
but  the  capacitance  of  the  layer  is  propo^ 
tional  also  to  area.  Since  the  area  is  reduced 
almost  fourfold,  the  net  effect  is  a sizable 
reduction  in  layer  capacitance;  and,  hence,  a 
tube  with  even  less  lag. 

Highlight-Handling  Capabilities 

There  has  been  a most  recent  and 
exciting  development  from  the  Philips  Re- 
search Laboratories  (ref.  9).  As  shown  in 
figure  3,  the  slope  of  the  transfer  charac- 
teristics for  the  Plumbicon  is  near-unity  up  to 
a maximum  set  by  the  available  current  in  the 
beam.  This,  of  course,  restricts  the  dynamic 
range  of  the  Plumbicon  to  values  of  the  face- 
plate illumination  below  about  one-half  of  a 
foot-candle  (1  to  2 millUumens).  At  higher 
light  levels  on  the  faceplate,  the  signal  is 
unstabilized,  and  a type  of  “blooming” 
occurs.  In  the  Plumbicon,  of  course, 
“blooming”  causes  no  permanent  effects;  i.e., 
there  is  no  permanent  “burn-in”  nor  long- 
term change  in  sensitivity,  and  the  tube  re- 
covers very  quickly  from  this  “blooming.” 
Recently,  J.  H.  T.  van  Roosmalen  has  been 
successful  in  developing  a gun  that  imparts  an 
acUustable  knee  or  light-level-saturation  char- 
acteristic to  the  transfer  curve  This  is  well- 
illustrated  in  figure  9.  By  pulsing  the  cathode 
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Figure  9.  Transfer  characteristics  of  a Plumbicon 
(XQ1020  type  of  layer)  equipped  with  a "Flyback 
Hlghli^t-Discharge”  gun,  is  the  cathode 

potential  during  horizontal  flyback;  it  is  also,  then, 
the  maximum  voltage  fluctuation  cdlowed  to 
remain  on  the  PbO  target  after  the  discharge  of  the 
higfdights,  which  takes  place  during  the  horizontal 
flyback  interval.  This  gun  is,  therefore,  able  to 
establish  a transfer  characteristic  with  an  adjustable 
"knee”  or  saturation  for  the  Plumbicon,  which 
otherwise  has  a nearnmity  transfer  characteristic 
(dashed  curve)  It  is  to  be  noted  that  beyond  the 
"knee”  the  slope  is  not  zero;  hence,  there  does 
exist  a Mgftii^t  “grqy  scale” althou^ greatly  com- 
pressed. Furthermore,  for  the  example  illustrated, 
the  dynamic  range  is  increased  more  than  two 
orders  of  magnitude,  therein  completely  dimi- 
naiing  "blooming”  or  “comet-tailing,”  which 
otherwise  could  occur. 


to  the  various  voltages,  AV]c,  during  horizon- 
tal flyback  and,  at  the  same  time,  by  greatly 
increasing  the  beam  current,  the  beam  during 
horizontal  flyback  erases,  several  lines  at  a 
time,  all  voltage  excursion  on  the  layer  greater 
than  AV)(.  The  potential  excursion  of  the 
layer  caused  by  excessive  highlights  are  then 
reduced  to  values  more  comparable  with  the 
less  bright  but  still  stabilized  part  of  the 
image.  Therefore,  for  this  illustration,  all 
signal  currents  up  to  Ibeam^SOO  nano- 
amperes can  be  stabilized,  and,  because  of  the 
action  of  the  beam  during  flyback,  highlights 
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even  as  high  as  20  to  30  foot-candles 
(approximately  100  millilumens)  on  the  tar- 
get can  be  stabilized. 

In  essence,  the  dynamic  range  of  a 
Plumbicon  with  the  van  Roosmalen  gun  can 
be  extended  by  at  least  two  orders  of 
magnitude  at  the  upper  end  and,  as  the  curves 
in  figure  9 show,  even  exhibits  a grey  scale, 
greatly  compressed  no  doubt,  but  nevertheless 
still  usable.  Furthermore,  there  is  no  deterio- 
ration of  the  image  from  the  low-light-level 
parts  of  the  scene.  In  one  performance  of  this 
gun,  we  were  able  to  satisfactorily  illuminate 
a scene  with  only  a single  match  and,  with 
flyback  highlight  discharge  operating,  could 
easily  resolve  the  various  light-emitting  zones 
of  the  flame.  In  another  example,  we  took  a 
standard  frosted  light  bulb,  wrote  the  word 
“Philips”  on  it  in  opaque  black  letters  and 
used  the  bulb  to  illuminate  a scene.*  With  the 
Plumbicon  gun  operating  normally,  only  the 
outline  of  the  bulb  with  a severe  halo  was 
seen  on  the  monitor.  The  letters  were  not  at 
all  visible.  With  flyback  highlight-discharge 
operating,  however,  both  the  edge  of  the  bulb 
and  the  lettering  were  clearly  visible.  Inter- 
estingly enough,  an  intensity  gradient  across 
the  bulb  was  also  apparent.  We  see  this  effect 
nicely  demonstrated  in  figure  10,  which  in- 
cludes copies  of  Polaroid  pictures  taken  of  the 
monitor  screen  during  the  test. 

The  applications  of  a Plumbicon  with 
such  a gun  can  be  very  wide  indeed,  especially 
in  the  field  of  low-light-level  TV  surveillance 
or  any  other  case  in  which  low  contrast 
details  and  very  bright,  high  contrast  objects 
may  appear  together  in  the  same  scene.  Such 
objects  could  be  flares,  muzzle  flashes,  search- 
lights, jet  engine  exhausts,  bright  sky,  etc., 
even  the  sun.  The  application  can  be  of  more 
value  if  any  of  the  bright  objects  are  moving 
or,  as  is  the  more  usual  case,  if  the  pickup 
tube  is  moving  with  respect  to  these  objects. 
Much  additional  work  must  be  done  on  this 
gun  to  perfect  it  before  it  will  be  generally 
available  in  Plumbicon  camera  tubes. 


* We  are  grateful  to  Louis  A.  Arpino  for  suggesUng 
the  idea  for  this  demonstration. 


Appendix 

To  convert  luminous  units  (foot-candles, 
lumen,  milliamperes  per  lumen)  into  their 
radiant  equivalent  (watts/m*,  watts,  milli- 
amperes  per  watt)  for  a 2870°K  color- 
temperature  tungsten  source,  multiply  the 
number  of  foot-candles  of  2870®K  tungsten 
light  by  0.525,  the  number  of  lumens  of 
2870°K  tun^ten  light  by  0.049,  and  the 
number  of  milliamperes  per  lumen  of  2870°K 
tungsten  light  by  20.4.  This  is  possible 
because  a tungsten  lamp  at  2800°K  (color 
temperature  of  2870°K)  emits  20.4  lumens 
per  watt  of  total  radiant  flux.  For  example,  a 
sensitivity  of  400  milliamperes  per  lumen 
corresponds  to  8.2  milliamperes  per  watt,  etc. 
(Ref:  Hardy  & Perrin,  Principles  of  Optics, 
McGraw  Hill,  1932.) 
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Figure  10.  Illustration  of  the  effectiveness  of  the  **Flyback  Highligftt’Discharge'* gun,  which  allows  super- 
highlights in  a scene  to  be  imaged  without  ''blooming.  ” The  transfer  characteristics  of  this  unique  camera 
tube  are  given  in  the  previous  figure.  The  pictures  shown  are  2!4"  x SVa  Polaroid  prints  taken  of  a closed 
circuit  19-inch  television  monitor  screen.  In  the  upper  pictures,  the  "F.H.D.  **  gun  is  not  operating;  and 
the  scenes  are  as  normally  viewed:  stationary  on  the  left  and  with  movement  on  the  right.  The  scene  is  a 
60-wattt  frosted  glass,  light  bulb  (on  which  is  written  in  opaque  letters  the  word  "Philips**},  which 
illuminates  a full-tonal,  full-color  object  (half-tone  print).  Only  the  highlights  in  the  image  of  the  print 
have  been  stabilized  so  that  "blooming** and  "comet-tailing**  in  the  image  of  the  li^tbulb  occurs.  In  the 
lower  pictures,  the  "F.H.D.  **  gun  is  operating  but  with  no  change  in  beam  current  or  other  parameters. 
Not  only  is  the  opaque  lettering  on  the  bulb  clearly  imaged  but  also  the  normal  intensity  distribution  of 
li^t  across  the  bulb.  The  previously  stabilized  parts  of  the  image  are  unaffected.  (The  loss  of  sharpness 
of  the  light  bulb  in  the  lower  right-hand  picture  is  due  to  its  motion  during  the  Polaroid  exposure.) 
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The  application  of  semiconductor  tech- 
nology to  camera  tubes  promises  to  bring 
forth  a new  family  of  devices  with  excep- 
tional characteristics  that  should  be  of  great 
interest  to  astronomers  as  well  as  to  other 
users  of  camera  tubes.  The  vidicon  type  of 
tubes,  based  upon  semiconductor  materials 
and  technology  and  having  higher  sensitivity, 
wider  spectral  response,  and  much  greater 
stability  than  any  other  tubes,  are  already 
available.  New  low-light-level  tubes  are  under 
development  and  will  be  available  in  the  near 
future.  The  ultimate  camera  device,  the  all- 
solid-state scanned  array,  which  utilizes  the 
switching  and  circuitry  concepts  of  the  semi- 
conductor technology,  has  also  shown  great 
promise. 

The  application  of  semiconductor  tech- 
nology to  camera  devices  is  not  new.  As  early 
as  1951,  it  was  recognized  that  arrays  of  p-n 
junctions  could  be  used  effectively  in  vidicons 
(ref.  1).  It  is  only  recently,  however,  that  the 
technology  resulting  from  the  planar  silicon 
concept  and  from  large  scale  integration  have 
made  useful  silicon  camera  tubes  possible. 
This  was  first  demonstrated  at  Bell  Labora- 
tories (ref.  2). 

It  would  be  a disservice  to  those  who 
have  brought  camera  tubes  to  their  present 
state  of  development  to  imply  that  earlier 
efforts  in  this  field  have  not  depended  upon 
sophisticated  semiconductor  and  materials 
technology;  however,  in  the  case  of  silicon 
devices,  which  are  the  principal  but  not 
exclusive  subject  of  this  paper,  we  are  dealing 
with  devices  made  from  a material  that  has 
been  subjected  to  greater  study  and  develop* 
ment  than  perhaps  any  other.  Thus,  in 
developing  silicon  camera  devices,  we  take 


advantage  of  the  many  thousands  of  man- 
hours of  effort  that  have  gone  into  this 
material  to  produce  pickup  devices  with  out- 
standing characteristics. 

The  silicon-target  vidicon  is  the  first  of 
the  new  camera  tubes.*  It  is  shown  schemat- 
ically in  figure  1.  The  target,  figure  2,  consists 
of  an  array  of  more  than  S x 10^  individual 
p-n  junctions  produced  in  a single  crystal  of 
n-type  silicon. 

The  operation  of  this  device  is  similar  to 
tliat  of  a standard  vidicon.  A positive  poten- 
tial, relative  to  the  thermionic  cathode,  is 
applied  to  the  n-type  region  of  the  target.  A 
low-energy  electron  beam  scans  the  surface  of 
the  silicon-depositing  charge  so  that  the 
p-regions  exposed  to  the  beam  are  brought  to 
cathode  potential;  thus,  p-n  junctions  are 
reverse-biased  by  the  beam.  Di^ng  the  time 
that  the  electron  beam  is  not  on  an  element, 
the  reverse  bias  voltage  across  the  p-n  junction 
decreases  as  the  result  of  transfer  of  charge 
across  the  junction.  This  charge  arises  from 
either  internal  generation  of  free  carriers  in 
the  material  or  by  photoexcited  carriers  ii;  the 
material.  These  result  in  dark  current  and  sig- 
nal current,  respectively.  The  output  current 
is  equal  to  the  current  that  the  electron  beam 
must  deliver  to  a p-region  to  restore  it  to 
cathode  potential.  This,  in  turn,  is  equal  to 
the  dark  current  plus  the  signal  current  tliat 
flowed  in  the  associated  p-n  junction  during 


* IT.  wort  reported  on  the  tiUcon-target  vidicon  has 
been  performed  by  G.  Briggs,  E.  Cave,  A.  D.  Cope, 
F.  D.  Heiman,  W.  Henry,  J.  Leaman,  E.  Luedicke, 
C.  Mudler,  R.  L Rodgers,  E.  D.  Savoye,  and  R.  E. 
Simon. 
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Si  TARGET 
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Figure  1.  Schematic  diagram  of  a silicon-target- 
vidicon  pickup  tube. 


figure  Z Diagram  of  silicon  target. 


the  tijTie  the  beam  was  not  scanning  this 
element. 

The  sensitivity  of  the  silicon  vidicon  is 
shown  in  figures  in  terms  of  quantum 
efficiency;  i.e.,  the  number  of  electrons  that 
flow  in  the  external  circuit  for  each  incident 
photon.  It  can  be  seen  that  sensitivities  as 
high  as  70  percent  can  be  achieved.  Further- 
more, the  response  extends  in  the  infrared  to 
1.1  microns;  thus,  the  silicon-target  vidicon 
has  considerably  greater  response  in  the  near 
infrared  region  of  the  spectrum  than  any 
other  vidicon  now  available.  Figure  4 shows 
the  response  of  a silicon-target  vidicon 
especially  treated  for  ultraviolet  response  and 
in  an  envelope  with  a quartz  window.  It  can 
be  seen  that  the  high  sensitivity  extends  to  at 
least  0.2  micron. 

The  resolution  of  the  silicon-target  vidi- 
con is  determined  by  several  factors,  including 
the  diode  density,  the  sideways  diffusion  of 
carriers,  and  the  dectron-beam  size.  An  ampli- 
tude response  curve  for  a silicon-target  vidi- 
con is  shown  in  figure  5.  With  present 
silicon-target  vidicons,  an  amplitude  refuse 
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figure  3.  Spectral  response  of  a silicon-target  vidicon. 

of  30  percent  at  400  TV  lines  and  a limiting 
resolution  in  excess  of  700  TV  lines  have 
been  achieved. 

The  lag  or  image  retention  of  a silicon- 
target  vidicon  is  determined  by  the  capacity 
of  the  target  and  the  electron-beam  resistance. 
No  photoconductive  trapping  effects  are 
observed  with  silicon.  As  expected  for 
vidicons  limited  by  capacitive  lag,  the  lag 
varies  with  light  level  (ref.  3),  as  shown  in 
figure  6.  With  200-nanoampere  signals,  the  lag 
is  8 percent  after  SO  milliseconds  (three 
frame  times). 

The  dark  current  of  silicon-target  vidi- 
cons varies  with  target  voltage  as  shown  in 
figure  7.  Since  the  targets  are  operated  at 
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Figure  4.  Ultraviolet  response  of  a stUcon-target 
vidicon. 
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Figure  5.  Amplitude  response  curve  for  a sttkorh 
target  vidkon. 

approximately  6 volts,  the  normal  dark  cur- 
rent is  in  the  range  of  5 to  10  nanoamperes  at 
30°C.  The  dark  current  varies  with  tempera- 
ture; it  increases  by  approximately  a factor  of 
two  for  each  lO^C  increase  in  temperature. 

The  silicon-target  vidkon  is  unique  in  its 
stability  against  high  intensity  radiation.  It 
shows  no  spreading  of  overloaded  regions,  no 
bum,  and  no  after-image  even  after  exposure 
to  signals  orders  of  magnitude  greater  than 
that  which  the  vidicon  electron  beam  can 
handle. 

Of  particular  interest  to  astronomers  are 
the  slow  scan  capabilities  of  the  silicon-target 
vidicon.  It  has  the  interesting  property  of  not 
losing  resolution  as  a function  of  storage  time. 
The  ^con-target  vidicon  is  different  in  this 
respect  from  other  vidicons  where  charge- 
spreading and  therefore  loss  of  resolution 
occurs  with  time.  This  performance  is  ex- 
pected with  silicon  because,  once  photo- 
excited  carriers  are  collected  by  a p-n 
junction,  they  can  no  longer  spread  sideways. 
A vidicon  can,  of  course,  be  used  in  slow  scan 
applications  only  for  times  shorter  than  the 
time  it  takes  the  dark  current  to  discharge  the 
target.  We  have  operated  targets  with  delayed 
readouts  for  times  on  the  order  of  several 


Figure  6.  Signal  output  as  a function  of  time  after 
illumination  is  removed  for  several  values  of  illumi- 
nation. 


seconds.  By  use  of  a properly  designed  tube 
and  cooling,  it  should  be  possible  to  produce 
silicon-target  vidicons  with  delayed  readouts 
of  minutes. 

Figure  8 is  a photograph  of  a picture 
tube  display  of  a picture  produced  by  a 
silicon-target  vidicon. 

The  second  device  to  be  considered  is  a 
low-light-level  intensifier  camera  tube,  which 
also  uses  a silicon  target.’  It  will  not  be 
possible  to  discuss  the  performance  of  this 

^The  silicon  intemifier  camera  tube  program  has 
been  supported  in  part  by  the  U.S.  Naval  Elec- 
tronics Systems  Command,  Washington,  D.  C.,  and 
the  Night  Vision  Laboratory,  US  Army  Electronics 
Command,  Ft.  Belvoir,  Va.  Work  on  the  siUcon 
intensifier  camera  tube  hat  been  performed  by  P.  W. 
Kateman  and  R.  L VanAtselt  as  wdl  at  those  listed 
in  footnote  1. 
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figure  7.  Dark  current  as  a function  of  target  voltage. 


dsvice  in  detail  because  of  the  limitations 
imposed  by  security  classification. 

The  silicon-intensifier  camera  tube, 
shown  schematically  in  figure  9.  operates  in 
the  following  way.  Radiation  incident  upon 
the  photocathode  produces  photoelectrons 
that  are  accelerated  to  high  energy  and 
imaged  on  a silicon  target.  The  incident  elec- 
trons produce  secondary  electrons  and  holes 


Figure  & Ihotopaph  of  ptenve  tube  display  of  a test 
pattern  produced  by  a sBkothtarget  vIdkoH. 


in  the  silicon  by  the  process  of  impact  ioniza- 
tion; i.e„  in  which  one  electron  is  excited 
from  the  valence  band  of  silicon  into  the  con- 
duction band  for  each  3.5  electron  volts  of 
energy  carried  by  each  primary  electron.  The 
holes  thus  produced  are  collected  by  the  p-n 
junctions  in  the  target.  The  silicon  target, 
which  is  similar  in  performance  to  the  silicon 
target  of  the  vidicon  previously  described,  is 
scanned  by  an  electron  beam  to  produce  an 
output  signal.  By  {Hitting  10  kilovolts  on  the 
image  section  target,  gains  of  more  than  2500 
have  been  achieved.  The  gain  of  the  silicon- 
inten.sifler  camera  tube  is  therefore  greater 
than  that  of  other  single  camera  tubes  now 
available.  The  implications  of  this  gain  for 
low-light-level  performance  are  obvious. 


Figure  9.  Schematic  diatom  of  a silicon-intensifier 
camera  tube. 

An  outstanding  feature  of  the  silicon- 
intensifler  camera  tube  is  its  ability  to  with- 
stand high  light  levels.  This  type  of  tube  has 
been  operated  with  light  overioads,  as  has  the 
silicon-target  vidicon,  of  more  than  10’  times 
the  maximum  useable  signal.  This  extreme 
ruggedness  greatly  simplifies  the  use  of  this 
tube  because  no  protective  filters  or  shutters 
are  required.  Since  no  mesh  is  required  other 
than  the  normal  vi^con  fie’d  me^  this  tube 
is  less  miciophonic  and  has  s lower  capacity 
to  ground  than  other  low-light-level  tubes. 
Thus,  it  is  possible  to  design  an  amidifier  for 
this  tube  resulting  in  an  improved  signal-tO' 
noise  ratio. 
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Other  characteristics  of  this  device  such 
as  dark  current,  lag,  and  resolution,  which  are 
determined  by  the  silicon  target,  are  similar  to 
that  of  the  silicon-target  vidicon.  The  spectral 
response  and  sensitivity  of  the  silicon- 
intensifier  camera  tube  are  determined  by  the 
photocathode. 

Somewhat  further  in  the  future  than  the 
silicon-target  vidicon  and  the  silicon- 
intensifler  camera  tube  is  the  multielement, 
self-scanned,  mosaic  sensor.’  This  is  an  all- 
solid-state device  consisting  of  an  array  of 
photosensitive  elements,  each  located  at  the 
intersection  of  mutually  perpendicular 
address  strips,  which  are  connected  to  scan 
generators  and  video  coupling  circuits.  The 
application  of  sequential  scan  pulses  to 
address  strips  permits  an  image  to  be  scanned 
and  a video  signal  to  be  produced  which  is 
similar  to  that  produced  by  a camera  *ube.  As 
in  the  devices  described  previously,  a large 
array  of  discrete  elements  is  required.  In 
addition  to  the  photosensitive  elements, 
switching  elements  and  address  strips  must  be 
produced  in  the  array. 

Solid-state  camera  devices,  though  still 
far  behind  camera  tubes  in  cost  and  perfor- 
mance, offer  significant  potential  advantages. 
Among  these  are  geometric  accuracy  and 
versatility  of  scan  as  well  as  greater  compact- 
ness and  reduced  power  consumption. 

Two  approaches  have  been  followed  in 
attempting  to  produce  solid-state  scanned 
arrays.  These  indude  the  silicon  apnroach,  in 
which  all  elements  are  produced  on  a single 
crystal  of  silicon  as  in  the  silicon-target 
vi^con  and  the  SkcMcon,  and  the  thin  Him 
approach,  in  which  all  elements  of  the  anray 
are  deposited  on  a ^ass  substrate  by  evapora- 
tion tcctiniques.  At  the  RCA  Latoratories, 
both  apiMoaches  have  been  pursued:  however, 
only  the  thin  film  approach  will  be  described 
in  this  presentation. 

’The  work  on  the  sdid-etate  selftcuuMd  airayi 
reported  here  hat  been  performed  by  P.K. 
Weitner,  W.  S.  Pike,  G.  Sadativ,  F.  V.  Sballcroei, 
and  L Merayt  Honwth.  For  a more  complete 
tummary  of  this  work,  re  IEEE  Spectrum  6, 
52(1969). 


The  thin-film  solid-state  array  differs 
from  the  silicon-target  vidicon  approach  in 
that  it  utilizes  “excitation  storage”  to  inte- 
grate the  light  energy  that  is  generated  in  an 
element  during  the  time  in  which  the  element 
is  not  being  addressed.  In  excitation  storage, 
the  light  energy  is  stored  in  excited  carriers 
whose  lifetime,  ideally,  should  approximate 
the  scanning  period.  This  differs  from  the 
silicon-target  vidicon  in  which  photoexcited 
carriers  are  collected  and  stored  across  a p-n 
junction. 

The  advantage  of  the  use  of  excitation 
storage  is  that  it  allows  a simplification  of  the 
structure,  thus  permitting  a high  densit.  of 
elements.  A sin^e  photosensitive  element  of 
the  sensor  is  shown  in  figure  10.  It  can  be 
seen  that  the  sensor  element  consists  simply 
of  a photoconductor  in  series  'rith  a diode. 


Flpire  10.  Sdumtic  dkipem  of  a pkotosen^tlve 
element  of  e thtmfUm  ielftcam:ed  array. 

The  thin  film  arrays  are  produced  by 
evaporation  of  the  following  elements; 
cadndum  sulfide,  cadmium  selenide,  gold, 
indium,  and  tellurium.  The  proper  geometry  is 
obtained  by  use  of  evaporation  masks  made 
of  fine  wir  grills.  A portion  of  a 256  x 256 
array  is  shown  in  figure  II. 
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Figure  11.  Photograph  of  a portion  of  a 256  x 256 
thin-fllm  self  scanned  array. 

The  scanning  circuitry  and  video 
coupling  circuits  are  essential  parts  of  the  self- 
scanned  sensor.  The  design  and  fabrication  of 
this  part  of  the  sensor  are  comparable  in 
difficulty  to  the  design  of  the  photosensitive 
array.  The  scan  generator  must  provide 
parallel  outputs  equal  to  the  number  of 
elements  in  a line  (256  in  the  array  to  be 
described  below)  and  must  operate  at  pulse 
rates  comparable  to  those  used  in  conven- 
tional TV  systems  if  television  stan.  • are 
to  be  met.  The  scanning  circuitry-  used  in  the 
thin  film  sensors  has  been  built  by  the  same 
evaporation  techniques  that  are  used  to 
produce  the  photosensitive  arrays. 

An  experimental  256  x 256  array  has 
been  recently  built  and  tested.  A schematic 
circuit  diagram  for  this  system,  including 
elements  for  signal  enhancement  by  line 
storage,  is  shown  in  figure  12.  A photograph 
of  the  complete  thin -film  image  sensor  is 
shown  in  figure  ) 3.  The  sensor  and  scanning 
circuitry  are  deposited  upon  two  glass 
substrates,  shown  mounted  on  a printed 
circuit  board. 

Figure  14  shows  two  pictures  trans- 
mitted by  the  256  x 256  thin- film  array 
operating  at  4.8  mephertz.  llie  resolution  as 
indicated  by  a test  pattern  was  200  TV  lines. 
The  sensor  had  sufficient  sensitivity  to 
operate  under  normal  laboratory  illumination. 

The  vertical  streaks  in  the  pictures  arise 
from  nonuniformities  in  the  sensor,  in  the 
horizontal  scan  circuitry,  or  in  connections 
between  the  two.  Horizontal  resolution  loss 
can  be  caused  by  unwanted  broadening  of 
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Figure  12.  Schematic  diagram  of  a 256  x 256  thin- 
film  self  seamed  array  with  line  storage. 


Figure  13.  Photograph  of  a 256  x 256  photosensittve 
army  and  scan  circuits  mounted  on  a printed  cir- 
cuit board. 
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Figure  14.  Photographs  of  fdctures  transmitted  by  a 
256  X 256  self-scanned  array. 


horizontal  scanning  pulses.  Recent  work 
indicates  that  these  nonuniformities  can  be 
greatly  reduced. 

Although  picture  quality  of  the 
256  X 256  array  car»  be  improved  by  im- 
proved measuring  techniques,  it  is  evident 
that  a higher  number  of  elements  will  be  re- 
quired to  obtain  performance  comparable  to 
camera  tubei . The  thin-film  approach  appears 
capable  of  extension  to  at  least  500  x 500 
elements  spaced  on  25-millimicron  centers. 

It  is  recognized  that  considerably  more 
effort  will  be  required  to  produce  a solid-state 
scanned  array  that  can  compete  in  perfor- 
mance with  electron-beam- scanned  devices. 
Furthermore,  it  is  not  clear  that  the  thin-film 
approach  described  wdll  be  superior  to  a 
silicon  approach.  It  seems  evident,  however, 
that,  with  the  expected  advancements  in  tech- 


nology and  the  start  that  has  been  made, 
practical  solid-state  scanned  camera  devices 
will  become  a reality  in  the  future. 

In  summary,  the  application  of  semicon- 
ductor technology  has  led  to  a series  of  new 
camera  devices  consisting  of  arrays  of  discrete 
elements.  The  silicon-target  vidicon,  with  high 
sensitivity  over  a broad  range  of  the  spectrum, 
low  lag,  low  dark  current,  and  great  stabiUty, 
is  available  today.  The  use  of  silicon  as  the 
target  in  the  silicon-intensifler  camera  tube 
has  resulted  in  a low-Ught-level  tube  with 
higl)er  gain  than  heretofore  available  in  a 
single  tube,  with  high  resolution,  and  unique 
stability  such  that  the  tube  is  not  affected  by 
light  overloads  of  10®.  Progress  on  solid-state 
scanned  arrays  indicate  that,  with  further 
developments  in  the  technology,  small, 
compact,  low-power  sensor  arrays  should  be 
available  in  the  future. 
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Introduction 

The  discussion  in  this  paper  is  focused 
on  the  image  isocon,  its  astronomical  appli- 
cations, and  the  main  features  of  an  ideal 
camera  tube. 

Relating  the  Camera  Tube  to  Astronomical 
Imaging  Problems 

Although  the  invention  and  development 
of  modem  television-camera  tubes  extends 
over  the  past  40  years,  their  operation  had 
been  fully  studied  only  for  the  operating 
conditons  dictated  by  broadcast  standards. 
All  varieties  had  been  optimized  for  operation 
under  continuous  illumination  and  con- 
tinuous scan  at  30  frames  per  second.  When 
image  sensors  whose  output  signal  is  gener- 
ated by  a scanning  beam  were  first  applied  to 
instrumentation  in  sp-ace  vehicles,  the  oppor- 
tunity came  to  broaden  the  understanding  of 
just  how  these  devices  function  with  other 
cycles  of  operation.  Camera  systems  operating 
with  shutter-controlled  exposures  and  with 
the  readout  at  a much  slower  rate  than  is 
normaUy  used  require  that  the  camera  tubes 
be  modified  for  optimum  performance  under 
the  new  operating  conditions.  Several  new 
problems  were  uncovered  for  which  solutions 
were  evolved. 

The  first  RCA  work  on  a television 
camera  system  capable  of  integrating  an 
exposure  lasting  one  or  more  hours  before 
being  read  out  was  sponsored  by  Project 
Stratoscope  under  the  direction  of  Martin 
Schwartzschild  of  Princeton  University.  The 
techniques  associated  with  an  extended,  inte- 
grating mode  of  operation  were  incompletely 


understood  at  that  time.  During  the  first 
phase,  the  details  of  the  internal  operation  of 
the  image  orthicon  tube  when  recording  low 
level  inputs  of  both  extended  and  point 
images  were  thoroughly  investigated.  From 
this  study,  the  major  parameters  controlling 
the  image  quality  and  sensitivity  were  iden- 
tified. It  then  was  possible  to  define  com- 
pletely a camera  operating  cycle  capable  of 
giving  reproducible  results.  A new  camera  that 
can  be  programmed  to  cycle  automatically 
through  various  sequences  was  assembled  and 
was  used  initially  to  test  imago  orthicons  and, 
later,  image  isocon  tubes.  Tests  in  both  the 
laboratory  and  on  the  telescope  of  the 
Princeton  University  Observatory  were  fairly 
extensive. 

The  Image  Isocon 

The  image  isocon  tube  shown  in  figure  1 
differs  from  the  image  orthicon  only  in  the 
means  by  which  the  charge  image  stored  at 
the  target  is  converted  to  a video  signal  as  it  is 
read  by  the  scanning  beam. 

Exposure  to  light  imaged  on  the  photo- 
cathode excites  photoelectrons  that  are 
imaged  upon  the  storage  target.  This  electrode 
consists  of  a thin  membrane  of  insulator 
suspended  between  two  mesh  electrodes.  A 
positive  charge  image  three  to  five  times 
greater  than  the  incident  photoelectron 
charge  is  generated  by  secondly  emission. 
Tliis  charge  pattern  modulates  the  previously 
established  equipotential  at  the  scanned  sur- 
face of  the  target.  A low  capacitance  target 
assembly  yields  a greater  potential  modula- 
tion par  incident  photoelectron  than  a high 
capacitance  target.  The  maximum  integration’ 


591 


OPnCAL  TET  •'"'X)PE  TECHNOLOGY 


592  ■ ‘ */  i ; 


FIVE-fTAOe 
CLCCTflON  HULTIflJCft 


PHOTDCATHQOC, 


FAGCfUTC  FOCU9W 
CON. 


CAMCM  LCMt 


HMIZONTAL  AND 
.VCRTICAL  STECm 

NOfMZOMTAL  ANO  VCNTICAL  ^0  N«  4 AflATES 
r~  DtFLCCTINO  COM  / \ 

/ ^-'FOCUSIIM  COIL  / \ 


1 

FCLOMESM 

tCATTEMEO  J/ 

mnicreo  1 

LAOWLIAItV 

V ELECTBONBUN 

(88ION4  9) 

HrrUPWKAM 

MTiMNICAM  / 

ALfBMCMTCOIL  \ 

\_EL£CTB01TATIC 

MIIUMY  KAM 


FmiT  OVNOOC 


Figure  1.  Image  isocon  tube;  schematic  arrangement  of  C21093. 


time  will  depend  upon  the  resistivity  of  the 
membrane  that  can  be  selected  between  10*  ^ 
and  lO***  ohm-centimeters. 

The  well-focused  electron  beam  that 
approaches  the  target  with  only  a few  volts  of 
energy  responds  to  the  potential  modulation 
at  the  scanned  surface  by  depositing  sufficient 
electrons  to  restore  the  original  equipotential. 
In  detail,  only  the  most  energetic  portion  of 
the  beam  is  induced  to  contact  the  positively 
modulated  areas,  and  only  a portion  of  these 
contacting  electrons  remain  at  the  target  to 
erase  the  stored  charge  pattern.  Typically,  for 
modulations  between  0 and  5 volts,  two  out 
of  every  three  electrons  striking  the  target  are 
elastically  scattered  and  are  returned  along 
with  the  unused  portion  of  the  beam  to  the 
entrance  of  the  electron  multiplier  at  the  gun 
end  of  the  tube. 

If  the  cross-section  of  the  return  beam  is 
examined  at  this  plane  where  there  is  maxi- 
mum dispersion  of  the  electrons  according  to 
their  component  of  energy  normal  to  the  tube 
axis,  the  spatial  distribution  of  scattered  and 
reflected  electrons  is  that  shown  in  figure  2. 
The  reflected  electrons  are  confined  to  the 
small  circular  area.  The  scattered  electrons 
occupy  the  larger  area,  which  increases  in 
diameter  as  the  potential  of  the  point  of  scan 
becomes  more  positive.  When  the  return  beam 
is  directed  ovn^  an  appropriate  aperture,  the 


reflected  electrons  are  removed;  and  the  scat- 
tered electrons  are  allowed  to  enter  the  elec- 
tron multiplier.  The  function  of  the  multiplier 
is  to  amplify  the  video  current  (the  scattered 
electron  current)  sufficiently  so  that  amplifier 
noise  does  not  degrade  the  signal.  The  scat- 
tered electrons  entering  the  multiplier  are  two 
to  three  times  the  amplification  of  the  stored 
target  charge  or  six  to  ten  times  the  amplifica- 
tion of  the  photoelectron  current. 

The  experimental  astrometric  work  was 
done  using  laboratory-design  isocons.  The 
new  RCA  image  isocon  tube,  along  with  its 
associated  focus  and  deflecting  coils,  is  a more 
highly  perfected  electron  optical  design  with 
superior  performance.  Nonuniformities  in 
scanning-beam  landing  energies  at  various 
points  in  the  scanning  raster  have  been  re- 
duced to  less  than  0.1  volt,  and  improved 

VOLTACE  ABOVE  CUTOFF 
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Figiure  2.  Rettm  beam  (crosa-section)  dbtrOtutlon  at 
plane  of  tqmattmi. 
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control  of  the  signal  separation  has  been 
achieved.  The  tube  setup  has  been  simplified. 
The  image  isocon  tube  features; 

1.  High  signal-to-noise  ratio,  particu- 
larly in  the  dark  area  of  a scene 

2.  A linear  light-to-signal  transfer  cha^ 
acteristic  over  a brightness  range  of  at  least 
100 

3.  An  intra-scene  dynamic  range  of  100 
that  retains  photometric  accuracy 

4.  Hi^  geometric  fidelity  in  the  image 
with  excellent  resolution 

5.  No  tube  adjustments  needed  to  cover 
these  ranges. 

Two  versions  of  the  tube  are  available: 
Type  21093  contains  a bi-alkali  photocathode 
and  a high  capacitance  target;  Type  2 1 095  has 
a fiber  optics  faceplate,  an  S-20  photo- 
cathode, and  a low  capacitance  target. 

Variations  for  slow-scan,  long-integration 
tubes  include  smaller  gun  and  separation 
apertures,  finer  meshes  in  the  target  assembly, 
and  Eicon  glass  targets  of  10^^  ohm- 
centimeter  resistivity. 

Astronomical  Applications  of  the  Image 
Isocon 

Figure  3 lists  a number  of  requirements 
for  an  image-sensing  system  that  would  have 
wide  application  in  astronomy.  How  capably 
the  image  isocon  fulfills  these  needs  is 
examined  in  the  following  discussion. 


REQUIRED  CAPABILITIES  OF  AN 
ASTRONOMICAL  IMAGE  SENSOR  SYSTEM 

1.  IMAGE  INTEGRATION  FOR  VARIABLE  BUT  CONTROLLED 
EXPOSURE  LASTING  FROM  < 1 SEC  TO  SEVERAL  HOURS 

2.  TRANSMISSION  OF  THE  IMAGE  DATA  FROM  ONE  EXPOSURE 
IN  A SMALL  NUMBER  OF  SCANS 

3.  AN  ABILITY  TO  DETECT  POINT  IMAGES  IN  A DARK  FIELD 

4.  PHOTOMETRIC  AND  GEOMETRIC  FIDELITY  IN  I HE  TRANS- 
MITTED MAGE  CAPABLE  OF  QUANTITATIVE  EVALUATION 

8,  A CAPABILITY  TO  RECORD  SPECTROMETER  DATA  WITH 
MAXIMUM  FIDELITY 


figure  3.  Requirenients  for  an  integnting  oamem 
tube  ^mn  for  toe  in  astronomy. 
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Camera-Tube  Operating  Cycle  of  the  Strato- 
scope  Television  System 


The  experimental  work  has  confirmed 
that  the  operating  cycle  established  for  the 
Stratoscope  Television  System  does  yield 
reproducible  data  when  an  intermittent  cycle 
of  expose-store-and-read  is  employed. 

The  first  step  calls  for  preparation  of  the 
target.  This  is  necessary  to  erase  any  residual 
modulation  from  the  storage  target  that 
remains  from  previous  operation.  It  also 
establishes  a knc’vn  reference  potential  at  the 
target  surface.  With  target  resistivities  as  high 
as  10*’  ohm-centimeiers,  this  erasure  be- 
comes an  increasingly  imponant  factor  in 
obtaining  reproducibility  since  the  relaxation 
time  of  the  insulator  is  measured  in  days. 

The  tube  is  now  ready  for  the  optical 
exposure.  During  the  extended  time  of  light 
exposure,  the  photocathode  and  the  elec- 
trodes of  the  image  section  that  focus  the 
charge  image  on  the  storage  surface  are  the 
only  parts  of  the  isocon  that  must  be  active. 
Exposures  as  long  as  three  hours  have  been 
made  with  the  reciprocity  between  light 
intensity  and  exposure  time  being  rigidly 
maintained. 

For  the  readout  of  the  stored  charge,  the 
image  section  of  the  tube  is  made  inactive, 
and,  after  time  has  been  allowed  for  the  gun 
temperature  to  stabilize,  a sin^e  isadout  scan 
of  the  target  is  made.  The  scattered  electron 
current,  which  is  proportional  to  the  target 
potential  modulation,  is  the  output  signal  that 
is  recorded. 

This  camera  system  uses  a 1-second  ver- 
tical sweep  time  for  the  SOO-line  raster. 
Recording  of  the  videc  output  can  be  on 
magnetic  tape,  by  direct  visual  display,  or  on 
photographic  film. 

The  single  slow-speed  readout  scan 
removes  97  to  98  percent  of  the  stored  charge 
at  the  target  as  compared  with  70  percent  for 
the  normal  scan  velocity.  A reduction  of  the 
beam  current  to  one-thirtieth  its  normal  value 
provides  a finer  beam-spot  diameter  and  an 
improved  modulation  transfer  function 
(NTTF). 


if 
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Camera  systems  intended  for  quantita- 
tive photometric  use,  particularly  at  slow 
readout  rates,  must  have  very  well  stabilized 
voltage  and  current  sources  if  the  perfor- 
mance capabilities  of  the  sensor  tube  are  to  be 
fully  realized. 

To  provide  an  image  signal  with  the  most 
favorable  signal-to-noise  ratio  from  the  object 
of  interest,  it  is  necessary  to  know  something 
of  the  signal  intensity.  This  foreknowledge 
permits  the  exposure  to  be  adjusted  so  that 
the  charge  stored  at  the  target  from  this  part 
of  the  scene  is  at  the  maximum  established  by 
the  target  capacitance.  Overexposure  leads  to 
distortion  of  the  photometry.  Overloads  in 
various  amplifiers,  the  transmitter,  the  re- 
ceiver, or  the  display  system  must  also  be 
avoided  by  careful  calibration  of  permissible 
ranges  for  the  signals. 

Sensitivity  and  Photometric  Fidelity  for  Point 
Images 

Point  sources  such  as  diffraction-limited 
stellar  images  present  a special  problem  for 
scanning  sensors.  This  results  from  having  a 
limited  area  of  positive  charge  surrounded  by 
a large  region  at  cathode  potential.  This 
negative  coplanar  grid  repels  the  beam, 
making  it  necessary  to  have  between  five  and 
ten  times  as  much  stored  charge  density  in  an 
isolated  50-micrometer  spot  than  in  an  ex- 
tended area  in  order  to  obtain  an  equivalent 
output  signal  near  the  threshold  illumination 
level. 

The  means  adopted  to  overcome  this 
problem  in  the  operation  of  the  image  orthi- 
con  and  image  isocon  was  to  bias  the  target  1 
or  2 volts  positive  before  initiating  the  read- 
out scan.  The  beam  now  lands  at  all  points  of 
the  raster,  and  the  point  image  produces  the 
normal  signal  amplitude  relative  to  the  back- 
ground. 

In  the  Stratoscope,  the  philosophy 
adopted  for  determining  the  appropriate  size 
of  the  stellar  image  at  the  photocathode  of 
the  camera  tube  is  that  indicated  in  figure  4. 
The  5&-percent  response  point  of  the  isocon 
modulation  transfer,  which  is  at  10  cycles  per 
millimeter  for  the  high  target-capacitance 


type,  determines  the  image  size.  The  net  MTF 
of  the  optics  and  the  image  sensor  is 
85  percent  that  of  the  optics  alone.  An  even 
greater  target  capacitance  would  be  desirable 
from  the  point  of  view  that  the  highest  attain- 
able signd-to-noise  ratio  and  resolution  are 
desired. 


It3*9(7««l0 
CraES  KR  MM 

Figure  4.  Modulation  transfer  function  (MTF)  of 
isocon  and  telescope  optics. 

Table  1 lists  a number  of  performance 
capabilities  of  a high  target-capacitance  isocon 
in  the  Stratoscope  camera.  The  maximum 
exposure  to  charge  the  target  to  80  percent  of 
its  full  capacity  is  indicated.  This  ensures  that 
the  transfer  characteristic  remains  linear. 
When  the  50-percent  MTF  of  a 50x50  mi- 
crometer point  image  is  used,  the  maximum 
signal-to-noise  ratio  is  138.  For  a minimum 
signal-to-noise  ratio  of  10,  the  elemental 
target  charge  is  400. 

In  the  telescope  tests  carried  out  at 
Princeton,  a 16-millimete^diamete^  aperture 
and  a focal  ratio  of  f/250  showed  that  a 9±1 
magnitude,  diffraction-limited,  stellar  image 
could  be  recorded  with  a 100-second  ex- 
posure. Figure  5 shows  the  monitor  display 
and  16  successive  line  traces  of  an  oscillo- 
scope display  recorded  during  one  scan  of  the 
isocon.  The  star  image  covers  7 or  8 lines  in 
this  instance. 

The  equivalent  con<|ition  for  a 900- 
millimeter-diameter  aperture  at  f/2S0  is  that  a 
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Table  1.  Isocon  Performance  in  Stratoscope  Camera,  with  50x50  Micrometer  Point  Image,  1-Second 

Vertical  Scan,  500  Scan  Lines 


Exposure  for  maximum  target  charge 

9.6x10*  photons/cm* 

Exposure  for  minimum  useful  target  charge 

7.7x10*  photons/cm* 

Photon  flux 

F quanta/cm* /sec 

Quantum  efficiency  of  photocathode 

0.15 

Target  gain 

3 

Charges/mm*  /sec  at  target  ' 

0.45  F 

Scatter  gain 

2.3 

Input  to  multiplier 

1.1  F 

Maximum  target  charge  in  50x50  iJt  spot 

2x10*  electron  charges 

Maximum  p-p  signal/rms  noise 

62 

Miiiimum  useful  target  charge  in  50x50  M spot 

1.6x10*  electron  charges 

Minimum  p-p  signal/rms  noise 

10 

13±1  magnitude  star  image  would  be  recorded 
with  a 1 -second  exposure.  The  corresponding 
situation  for  103  a G photographic  film  used 
in  Stratoscope  II  with  a 900>millimeteiy 
diameter  aperture  and  f/100  focal  ratio  is  that 
a 10±1  magnitude  star  would  be  recorded 
with  an  exposure  of  1 second.  The  new  isocon 
design,  optimized  for  the  slow  scan,  is  ex- 
pected to  give  improved  capabilities. 

Spectrometer  Data  Recording  with  the 
Integrating  Television  Camera 

An  astrometric  problem  for  which  an 
integrating  television-camera  system  should  be 
helpful  is  that  of  measuring  the  spectra  of 
faint  sources.  Preliminary  results  were  ob- 
tained by  using  a spectrometer  having  a dia- 
penion  of  1 angstrom  per  millimeter  attached 
to  the  23-inch  refractor  in  the  Mnceton 
Observatory. 


By  orienting  the  spectrum  so  that  the 
dispersion  axis  is  at  right  angles  to  the  scan 
lines,  it  is  possible  to  integrate  the  output  of 
each  scan  line  and  to  use  this  signal  as  one 
point  in  the  recording  of  signal  intensity 
versus  wavelength.  In  this  test,  it  was  not 
convenient  to  use  cylindrical  optics  to  spread 
the  spectral  image  to  cover  the  full  horizontal 
width  of  the  raster.  Instead,  only  one-fiftieth 
of  the  horizontal  dimension  was  illuminated, 
and  a gating  circuit  was  used  to  select  and  to 
integrate  the  signal  from  only  that  portion  of 
the  line  which  contained  image  information 
(about  three  times  the  spectrum  width). 

Figure  6 shows  the  oscilloscope  display 
from  the  SOO  act^/e  scan  lines  covering  a 
TO-angstrom  portion  of  the  spectrum  of 
Arcturus  (magnitude  0.2).  The  single  isocon 
readout  scan  was  made  following  an  8-second 
exposure.  The  line  integrator  was  not  em- 
ployed in  this  instance. 
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Figi-re  5.  Star  :.,ioges;  isocon  readout  of  Star  No.  4 in  291?  Cygni;  using  different  exposure  times. 


Figure  7 shows  the  display  from  a single 
isocon  readout  following  a 176-second  ex- 
posure of  a third  magnitude  star  with  the  line 
integrator  accumulating  all  of  the  signal  that 
passed  through  the  gate. 

The  conventional  intensity-recording 
technique  for  this  spectrometer  employs 


pulse-height  discrimination  of  the  output 
from  a photomultiplier.  Counts  are  taken  for 
intervals  of  10  to  IS  seconds  at  successive 
points  1 angstrom  apart.  The  total  time  is 
equivalent  to  the  camera  tube  exposure.  The 
signal-to-noise  ratio  of  this  camera  tube 
display  is  within  a factor  of  three  of  that 
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obtained  by  counting  10^  pulses  per  point  tmm  interest  is  centered-ultraviolet,  visible, 
with  the  photomultiplier.  oi  infrared.  Typically,  to  ensure  good  focus  in 

The  newer  generation  of  isocon  tubes  the  optics,  the  astronomer  restricts  the  visible 

should  permit  a further  reduction  of  noise  wavelengths  to  1 000-angstrom  intervals, 

and  improved  sensitivity  from  that  shown 
here.  Storage  Targets 

Summary  The  finite  capacity  of  an  elemental  area 

of  the  storage  target  to  amass  a charge  image 
The  characteristics  of  the  image-isocon  determines  the  maximum-permissible  photo- 
camera tube  in  performing  various  astrometric  excited  input  from  one  exposure.  Increasing 

tasks  have  been  given.  Further  optimization  the  capacitance  of  the  target  will  permit  a 

of  isocon  tubes  for  one  particular  slow-scan  larger  signal  to  be  stored  with  higher  signal-to- 

camera  system  is  continuing.  From  the  pres-  noise  ratio.  Gain  introduced  between  the 

ent  experimental  results  and  projected  perfor-  photosurface  and  the  storage  target  does  not 

mance,  it  is  possible  to  define  the  enhance  the  signal-to-noise  ratio  of  the  stored 

characteristics  of  a more  ideal  camera  tube.  charge  image. 

Its  main  features  can  be  summarized  in 

relation  to  photosurface,  storage  targets,  and  Readout 

readout. 

The  best  capability  for  readout  of  the 
Photosurface  target  image  is  obtained  with  isocon  scan.  The 

low  noise  from  dark  portions  of  the  scene  and 
The  maximum  signal-to-noise  ratio  from  the  wide  dynamic  range  of  the  isocon  output 

a small  stellar  image  is  fundamentally  deter-  signal  provides  the  capability  for  readout  of 

mined  by  the  integrated  electric  charge  the  lowest-level  stored  image  while  retaining 

resulting  from  the  exposure  of  the  photo-  the  capability  to  handle  the  largest  ampli- 

surface.  Increased  efficiency  in  the  conversion  tudes. 

of  photons  to  electric  charges  will  result  in  an  Increasing  the  target  capacity  would 

increase  of  signal-to-noise  ratio.  The  attain-  make  available  a range  of  more  than  100  in 

able  quantum  efficiency  will  depend  upon  the  photometric  brightness  variations  within 

which  portion  of  the  electromagnetic  spec-  one  scene. 


Figure  6.  Spectrometer  signal  display  without  line  Figure  7.  Spectrometer  signal  display  with  line 
integrator.  integrator. 
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In  recent  years,  the  Imaging  Devices 
Operation  of  General  Electric  Company  has 
been  engaged  in  several  advanced  develop- 
ment projects  in  the  field  of  image  converters, 
image  intensifiers,  and  camera  tubes.  Some  of 
these  developments  were  performed  under 
sponsorship  of  government  agencies  for 
national  defense,  notably  the  U.  S.  Army 
Signal  Corps,  the  U.  S.  Air  Force,  and  the 
U.  S,  Navy  Night  Vision  Laboratory.  Others 
were  supported  by  company  funding. 

This  short  review  is  limited  to  de- 
velopments representing  unconventional 
approaches  to  or  advances  beyond  the  state- 
of-the-art  as  it  was  known  until  1968. 

Image  Inverters 

The  classic  problem  of  the  electrostatic 
image  inverter  is  curvature  of  field.  Although 
a planar  window  suffices  for  the  viewing 
screen  «n  most  cases,  the  cathode  substrate  of 
modem,  electrostatic,  image  tubes  is  invari- 
ably sphetleal.  Field  flattening  by  optical 
means  becomes  increasingly  difficult  in 
modem  image  tubes.  This  is  so  because 
cathode  curvature  increases  with  the  third 
power  of  the  anode-subtended  angle  of  view. 
The  latter  has  much  increased  following 
current  trends  to  reduce  the  aspect  ratio  of 
image  tubes. 

An  attempt  has  been  made  at  General 
Electric  to  achieve  field  flattening  internally 
by  electron-optical  means.  The  result  is  the 
electrostatic  image  inverter  shown  in  figure  1 
It  features  planar  windows  at  both  ends, 
hence  the  . ime  Planotron.  The  planar  photo- 
cathode IS  practical  because  of  a curved 
internal  mesh.  This  field  mesh  is  shown  in 


figure  1 at  M.  It  may  be  seen  again  in  more 
detail  in  figure  2. 

Figure  3 shows  an  image  obtained  with  a 
3-inch  laboratory  sample  of  the  Planotron 


Bgure  1.  Fkne-to-piane  electrostatic  image  tube. 


Figure  2 Field  flatter^  by  cwved-medi  electrode. 
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Figure  S.  Image  obtained  with  Pianotron  inverter. 


having  unity  magnification.  In  practice,  a 
curved  mesh  of  this  type  actually  performs  a 
dual  function:  it  flattens  the  cathode  cuiva- 
ture,  and  it  also  takes  care  of  pincushion 
distortion.  Resolution  in  the  Pianotron  is 
limited  only  by  microlens  action  in  the  mesh. 
With  the  materials  presently  available,  the 
ultimate  lies  between  20  and  25  line-pairs  per 
millimeter.  In  a 3-inch  tube,  this  implies  a 
capability  of  1 200  lines. 

Further  Improvsm^rits  in  Iniajje  <Tonvcrters 

With  increasing  sophistication,  modem 
applications  of  image  tubes  often  demand 
controlled  invage  geometry  as  well  as  image 
positioning  by  electronic  means.  Figure  4 
shows  an  electrostatic  image  tube  havirig  both 
of  these  capabilities.  The  tube  features  a 
separate  ring  electrode,  between  anode  cone 
and  viewing  screen,  which  is  used  for  format 
control.  The  effect  of  this  corrector  lens  on 
image  geometry  is  shown  in  figure  S. 

Furthermore,  this  tube  features  a 
“deflectronized”  anode  cone,  shown  in 
figure  6.  This  permits  image  displacement  by 
a balanced,  uniform,  electric  field  acting 
transverse  to  the  beam.  Tubes  of  this  type  are 
useful  for  umge  motion  compensation.  An 
action  photo  is  presented  as  part  of  figure  4. 

Zoom  Lenses 

Electronic  “zooming”  in  an  image  invert- 
er was  first  announced  by  Dr.  Schagen  at  an 


Figure  4.  Image  positioning  fa)  and  (b):  geometry 
control  (c). 

I.R.E.  Convention  in  Washington  in  1962. 
This  device  demonstrated  a zoom  range  of 
about  4:1. 

In  the  meantime,  zoom  lenses  with 
“extended  range”  have  been  developed.  One 
of  these  was  pioneered  at  General  Electric; 
the  laboratory  model  is  shown  in  figure  7.  It 
has  a zoom  range  of  10:1,  as  etidenced  in 
figure  8.  The  same  tube  also  includes  an  ima^ 
intensifier  with  a maximum  current  gain  in 
the  order  of  10’ :1. 

Magnetic  Image  Tubes 

The  magnetic  image  converter  is  in- 
herently capable  of  image  formation  from 
plane  to  plane.  Its  chief  disadvantages  are  size, 
weight,  and  power  of  the  focus  coil  as  well  as 
the  absence  of  inherent  voltage  regulation, 
which  is  a most  welcome  feature  in  electro- 
static inverters. 
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General  Electric  has  taken  a fresh 
approach  to  the  field-coil  problem  for  image 
tubes.  It  can  readily  be  shown  that  image  size 
and  focus  become  independent  of  anode  volt- 
I age  if  the  magnetic  field  is  contributed  by  two 
components.  One  of  these  should  vary  in 
f'  direct  proportion  to  line  voltage;  the  other  is 

V held  constant.  If  the  latter  field  component  is 

generated  by  a set  of  permanent  magnets, 
il  rather  than  by  a separate  solenoid,  we  achieve 
7 not  only  the  desired  conservation  of  image 
focus  and  position  but  also  a power  saving  of 
4:1  because  the  remaining  solenoid  contrib- 
c utes  only  one-half  of  the  total  Held  require- 
ment. 


Figure  9 shows  the  basic  circuit  arrange- 
ment of  General  Electric’s  Pennafocus 
system.  The  image  tube  ( 1 ) is  exposed  to  the 
combined  fields  from  an  electromagnet 
(2)  and  from  a set  of  magnet'zed  bats  (3j 
Both  the  solenoid  (2)  and  the  anode  voltage 
for  the  tube  ( 1 ) are  derived  from  a common 
source  (7)  tlvough  rectifiers  (4)  and  (5), 
respectively.  The  latter  do  not  have  to  be 
stabilized. 

In  operation,  the  image  becomes  in- 
herently immune  to  fluctuations  of  the  power 
supply.  This  can  be  seen  in  figure  10,  which 
shows  two  sets  of  images,  each  taken  with 
anode  voltages  of  2000, 4000,  and  6000  volts 
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Figure  Z Image  intensifier  with  extended  zoom  range 
(3:1:113). 


while  the  Pemiafocus  circuit  is  ON  (fig.  10a) 
or  OFF  (fig.  10b). 

Camera  Tubes 

Unconventional  pickup  tubes  were  illus- 
trated in  the  lecture  by  slides  showing  an 
all-electrostatic  Image  Orthicon,  and  also  two 
samples  of  a mixed-field  vidicon,  the  latter 
using  m&e'Jietic  focus  and  electrostatic  deflec- 
tion. This  system  has  since  become  known  by 
the  acronym  FPS  (Focus-Projection  and 
Scan).  FPS  combines  the  high  resolution 
performance  of  magnetic  focus  with  the  small 
size,  power,  and  weight  associated  with 
electrostatic  deflection.  Both  features  are  best 
illustrated  by  the  smallest  member  of  the  FPS 
family,  shown  in  figure  11.  This  tube  was 
developed  by  R.  A.  Wagner  and  J.  Blackham 
of  the  Irtjaging  Devices  Operation. 

Ilie  tube  itself  measures  only  3-Vi  inches 
by  5/8  inches  outer  diameter.  It  is  enclosed 
by  a coi!  with  a 3^d-ineh  outer  diameter. 


Figure  8.  Action  photo  of  i<jom  intensifier  shown  in 
figure  7. 


Figure  9.  Permfocus  circuitry  for  magnetic  image 
converters. 


shown  at  the  left  in  figure  11.  The  test  pat- 
tern on  the  right  in  figure  1 1 shows  a 6(X)-line 
RETMA  test  chart,  which  is  fully  resolved. 
This,  considering  the  small  size  of  the  target 
image  (3/8-inch  diagonal),  implies  an  effective 
resolution  of  44  line-pairs  per  millimeter. 
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RECENT  DEVELOPMENTS  IN  IMAGE  DEVICES 


A successful  readout  of  the  1600-line 
RETMA  chart,  optically  demagnified  down  to 
a height  of  1 1 millimeters  on  target,  is  shown 
in  figure  12.  This  feat  requires  a spot  size  of  7 
microns;  i.e..  a resolution  capability  of  3600 
lines  per  inch. 

Such  tasks  are  routinely  accomplished 
by  the  largest  and  the  most  recent  arrival  in 
the  FPS  family:  the  3-inch  vidicon  shown  in 
figure  13.  The  ultra-high  resolution  of  this 
tube  is  due  to  an  unconventional 
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beanvforming  system,  v'hicli  includes  a de- 
magnifying  magnetic  lens  as  well  as  a high 
intensity  source.  The  latter  threads  a very 
narrow  beam  of  20  microamperes  through  a 
‘A-mil  aperture.  This  beam  has  an 
electron-optical  brightness  ot  10,000 
anip/cm*  steradian,  or  53  percent  of  the 
Langmuir  ultiiri.  te.  Tubes  of  this  kind  may 
find  many  future  applications  in  such  fields  as 
satellite  communication  and  aerospace  tech- 
nology. 


Figure  10.  Magrtetic  image  converter  at  2000,  4000, 
and  6000  volts  with  Permafocus  ON  and  OFF.  ^2.  The  3-inch  FPS  vidicon,  reading  7-micron 

detail. 


« 
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Figure  IL  Miniature  vidicon  in  FPS  family.  Figure  13.  The  Sdnch  FPS  vidicon,  reading  at  3600 

lines  per  inch. 
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Infrared  Image  Recording  Systems 


George  T,  Zissis 
University  of  Michigan 


The  availability  of  many  sensitive  de- 
tectors responding  to  radiation  in  the  1.0-  to 
I 2S^icron  spectral  region  has  led  to  the 
%'  recent  increase  in  infrared  astronomical  re- 
( search.  Infrared  sky  surveys,  planetary 
studies,  and  thermal  maps  of  the  earth’s  moon 
;■  are  among  the  worics  reported  in  recent  years. 
Such  observations  can  be  classified  broadly  as 
studies  either  to  measure  distributions  of  the 
radiance  of  extended  sources  or  to  obtain  the 
values  of  radiant  intensity  for  point  sources 
1 (sources  whose  angular  subtense  is  less  than 
the  angular  spatial  resolution  of  the  observing 
» system).  Astronomers  are  interested  in  quanti- 

^ tative  and,  where  possible,  absolute  radio- 

f metric  measurements  of  these  quantities  ?s 

V well  as  their  variation  with  wavelength,  their 

C spatial  and  angular  distribution,  their 

J temporal  variations,  and  the  nature  of  polaii- 

zation  and  coherence. 

I This  surge  in  activity  has  been  most 

f recently  described  by  Frank  J.  Low  (ref.  1), 

/ by  G.  Neugebauer  and  R.  B.  Leighton  (ref.  2), 

6,  and,  for  “rocket  astronomy,’’  by 

D.  P.  McNutt  (ref.  3).  A review  of  the  ex- 
i tremely  exciting  high-resolution  spectroscopic 
I-  research  by  the  Connes  is  included  in  a brief 
£ review  of  planetary  spectroscopy  in  the  nea^ 
i infrared  by  D.  M.  Hunten  (ref.  4);  the  overall 
I field  is  covered  in  the  recent  publication  of 
ii;  papers  presented  at  the  1966  NASA-Goddard 
t conference  on  infrared  astronomy  (ref.  5). 

I The  use  of  infrared  image-recording 

r systems  has  furnished  considerable  valuable 
> information  in  the  form  of  lunar  and  plane- 
t tary  thermal  maps  in  tite  eight  years  that  have 
elapsed  since  my  last  cursory  renew  of 
infrared  astrophysics  (ref.  6).  Weh  known 
} examples  of  infrared  imaging  of  extetided 


sources  are  presented  in  the  works  by  Hunt, 
Salisbury,  and  Vincent  (ref.  7),  by  Shorthill 
and  Saari  (ref.  8),  and  by  Murray  (ref.  9). 
Some  work  has  been  done  with  infrared  image 
tubes  (e.g.,  by  Kuprevich  at  the  Pulkovo 
Observatory,  ref.  10),  but  the  studies  on 
thermal  features  (refs.  1 1, 12, 13, 14,  and  IS) 
have  required  the  use  of  systems  operating  at 
wavelengths  longer  than  3 microns  (ref.  16;. 

Although  infrared  image  tubes  have  been 
under  development  for  several  years,  imaging 
in  the  spectral  regions  beyond  3 to  4 microns 
has  been  most  successfully  done  by  systems 
using  detectors  or  detector  arrays  in  optical- 
mechanical  scanners.  One  of  the  earlier  treat- 
ments of  the  applicable  technology  was 
prepared  in  1959,  but  it  is  still  a very  useful 
reference  (ref.  17).  Infrared  imaging  systems 
were  covered  in  the  September  1968  issue  of 
Applied  Optics  (ref.  18),  which  includes 
papers  by  R.  W.  Astheimer  and  F.  Schwarz 
(“Barnes  Engineering  Co.  Thermograph  T-6’’), 
Sven-BertU  Borg  ("AGA  Thermovision’’), 
E.  \v.  Kutzscher  and  K.  H.  Zimmermann  (“A 
Scanning  IR  Inspection  System’’), 
L.  W.  Nichols  and  J.  Lamar  (“Three-Color 
Line-Scanning  Image  Converter’’), 
E.  Sundstrom  (“Bofors  IR  Camera’’), 
R.  Blythe  and  E.  Kurath  (“Bendix  Therm^ 
Mapper’’),  and  J.  Yoder  (“Scanning  IR  Micro- 
scope’’). 

Most  of  these  systems  are  ground-to- 
ground,  object-plane  scanning,  using  a single 
element  detector.  An  interesting  laboratory 
system  of  this  type  has  been  designed  by  G. 
Suits  (ref.  19).  His  goal  was  to  create  an 
inexpensive  (less  than  $2,000)  scanner,  and, 
with  photovoltaic  detectors,  the  cost  of  repro- 
ducing the  system  is  well  withht  his  goal. 
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' ^ Figite'^'^ow^trte  Suits  scanner  that  is 

^i^amimd  in  figure  2.  As  used  by  LaRocca 
and  Lindquist  at  the  University  of  Michigan 
Infrared  and  Optical  Laboratory,  it  has  a 
2-milliradian  field-of-view,  can  be  scanned 
vertically  over  an  angle  as  large  as  60  degrees, 
and  can  cover  any  desired  azimuthal  angle.  It 
uses  a 9-inch*focal-length  spho  'al  mirror  in  a 
Newtonian  configuration.  Scai.  rates  can  vary 
from  5 vertical  scan  lines  per  second  to  1 scan 


every  4 seconds  or  slower.  At  the  speed  of 
about  1.8  degrees  per  minute,  the  scanner 
picture  of  the  completely  dark  laboratory 
room  shown  in  figure  3 took  about  1-Vi  hours. 


Figure  3.  Infrared  image  of  a totally  dark  laboratory 
room. 


Because  the  electronics  are  DC-coupled,  true 
radiance  values  may  be  obtained  from 
A-scope  or  chart  recorder  traces  of  the 
detector  output.  In  figure  4,  an  outside  scene 
is  imaged  in  a 0.1-micron  region  at  4.7 
microns  during  daytime.  The  image  obtained 
with  the  unfiltered,  cooled,  photovoltaic, 
indium- antimony  (InSb)  detector  is  obviously 
overloaded.  This  particular  detector  was 
selected  to  hold  down  costs.  LaRocca  and 
Lindquist  (ref.  20)  have  stated  that: 

1.  Photovoltaic  detectors  are  available 
for  from  $750  to  $1000  as  compared  to 
$2000  to  $3000  for  photoconductive  InSb. 

2.  As  used,  with  operational  amplifiei-s 
and  output  feedback,  no  detector  bias  is 
needed. 

3.  Theoretically,  the  D*  is  n/Y  times 
that  of  a photoconductive  detector  while, 
experimentally,  the  factor  is  still  larger.  ( flus 
gain  in  D*  is  not  often  realized  because  of 
impedance  matching  problems). 

4.  The  response  time  is  about  one-tenth 
that  of  the  photoconductive  detector. 

5.  The  response  was  found  to  be  more 
uniform  across  the  face  of  the  photovoltaic 
detector. 

6.  The  detector  was  linear  over  a wide 


Figure  2.  Diagram  of  Suits  scarmer.  range. 
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Figure  4.  Two  infrared  images  obtained  by  the  Suits  scanner;  top  image:  at  4.7  pm  with  a AX  = 0.  / pm; 

bottom  image:  unfiltered  InSb. 


On  the  other  hand,  they  point  out  that 
photoconductive  InSb  has  a lower  impedance 
and  a higher  responsivity,  which  may  be 
important  if  high-gain,  low-noise  preamplifiers 
are  a problem.  For  these  reasons,  they  used  a 
photovoltaic  InSb  detector,  cooled  directly  to 
liquid  nitrogen  temperatures,  with  a sapphire 
window. 

Returning  to  the  capabilities  of  existing 
unclassified  infrared  scanners,  several  are  now 
available  for  use  in  aircraft  in  the  mode  illus- 
trated in  figure  5.  Note  the  boresiglited  radi- 
ometer shown  in  this  figure.  The  need  for 
quantitative  radiometric  data  can  be  met  m 
this  way  or  by  internal  calibration  sources 
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Figure  5.  Airborne  infrared  scanner  operations. 
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REFERENCE  SCENE  RADIATION 

RADIATION 


Figure  6.  Schematic  of  University  of  Michigan  multispectral  scanner  and  data  processor. 


(flg.  8)  for  a scanner  with  DC-coupled  elec- 
tronics. Unclassified  air-to-ground  scanners 
are  now  available  from  the  Bendix  Aerospace 
Systems  Division,  HRB-Singer,  Texas  Instru- 
ments, Daedalus  Enterprises,  and  probably 
others. 

Recently,  multispectral  scanners  have 
also  become  available.  The  system  built  by 
the  University  of  Michigan  is  shown  in  block 
diagram  form  in  figijre  6.  The  spectrometer  is 
shown  in  figure  7.  The  scanner  carries  internal 
calibration  sources  (fig.  8). 

Obviously,  the  heart  of  any  of  these 
infrared  imaging  systems  is  the  detector. 
Figure  9 is  a summary  of  the  characteristic*;  of 
available  infrared  detectors,  published  in  the 
January  1969  issue  of  Electronics  (ref.  21). 
These  data  have  not  changed  greatly  from 
older  summaries  such  as  those  appearing  in 
figures  10  and  11. 

Particular  interest  has  been  generated  in 
the  low-temperature  germanium  bolometer 
developed  and  used  in  the  early  1960’s  by 
F.  J.  Low  (refs.  22  and  23),  and  in  mercury- 
cadmium-tellurium  (HgCdTe)  detectors  made 
by  Minneapolis-Honeywell  and  Socie'td 
Anonyme  de  Telecommunications,  among 
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Figure?.  Spectrometer formultispectrdl scanner. 
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Figure  8.  Internal  calibration  sources  for  multispec- 
tral  scanner. 


others.  At  wavelengths  less  than  9 microns, 
these  detectors  are  said  to  be  within  one-half 
of  the  ideal  (BLIP)  value  of  D*.  The  lessened 
cooling  requirements  for  response  in  the  8-  to 
13-micron  region  makes  these  detectors 
particularly  attractive  for  sp  ice  use. 

For  image  plane  scanning  at  fairly  fast 
rates  but  with  good  signal-to-noise  ratios, 
reasonable  integration  times,  etc.,  arrays  seem 
particulaiiy  attractive.  These  have  been  made 
with  elements  from  a few  to  many  tens  and 
with  materials  such  as  lead  sulHde,  mercury- 
doped  germanium,  and  indium  antimonide.  A 
mercury-germanium  (HgGe)  array  (fig.  12) 
made  by  the  Santa  Barbara  Research  Center  is 
at  the  Mt.  Haleakala  Observatory,  Maui, 
Hawaii,  a facility  constructed  by  the 
University  of  Michigan  under  sponsor^p  of 
the  Advanced  Research  Projects  Agency.  This 
facility,  having  one  60-inch  and  two  48-inch 
telescopes,  has  a particular  capability  for 
infrared  research. 

Finally,  there  remains  the  question  of 
cryogenics.  Space  systems  using  radiation 
cooling,  as  prepared  by  tl ; Goddard  Space 
Flight  Center,  have  acliieved  temperatures 
lower  than  90**  absolute.  Studies  have 
indicated  thit  about  60  pounds  of  a sol*^ 


WAVELENGTH  (MICRONS) 


Spactral  dttactivitlM  of  manufacturtd  detector*  teited  under 
60  field-of-view  end  295  K tieckground  temperature.  Theo- 
retical values  of  peak  D*  lie  on  the  dashed  curves.  Numbers 
on  graph  refer  to  column  numbers  In  figure  9,  parts  2 and  3, 
on  following  two  pages. 


Figure  P.  Characteristics  of  available  infrared-region 
detectors  (Parti  of  3),  f Copyright  by  McGraw^ 
Hill,  Inc.,  1969.  Reprint  from  Electronics 
Magazine,  20  January  1969.  j 
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Legend: 

pv  - photovoltaic  mode 
pc  - photoconductivo  mode 
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Figure  9.  Oiaructehstks  of  avaUabk  infmedregion  detectors  (Part  2 of  3f  (Copyright  by  McGraw-HiB, 
Inc.,  1969.  Reprint  Electronics  Magezine,  20  January  1969./ 
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Figure  9.  Characteristics  of  amiable  infraretheghn  deteettm  (Part  3 of  3f  fCopyri^a  by  McGraw^HiU, 
Inc,  1969.  Reprint  from  Electronics  Magazine.  20  January  I969.J 
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cryogenic  could  supply  useful  cooling  for  Most  of  the  advances  in  infrared  tech- 


approximately  a year  in  orbit.  Obviously,  one 
could  imagine  systems  using  Peltier  coolers  or 
other  cryogenic  engines  if  satisfactory  power, 
weight,  and  reliability  specifications  could  be 
achieved. 


Figure  10.  E/viy  tabulation  of  detects  cheractertstks. 


nology  have  come  as  a result  of  Department 
of  Defense  interest  and  funding.  As  the 
National  Aeronautics  and  Space  Adminis- 
tration faces  its  special  needs  for  spacebcrne 
infrared  systems,  the  requirement  for  research 
and  development  directed  toward  these 
particular  needs  must  be  met  by  NASA  pro- 
grams and  funds. 
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Surveyor  Spacecraft  Real-Time  Payload 
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Operations 


Introduction 


I-  A«U«7nd”^'“'  ^ N.Uo«=. 

i 

I 

I -ppf 

‘ .noon  » of  the 

»v.nXr  h”  Kf  J”  “ »f 

latinched  successfully  landed  thrSoo 
and  each  fulfilled  all  ohieSverT^  i 
pulsion  Uhoratory  nPU  orthPM^r 
Institute  of  Techiwlogy  was  nsLn^M^?^ 

A conplete  discussion  of  each  * 

may  be  found  in  references  1 through  5 ‘ 

Description  of  the  Surveyor  « 

a 


descent  and  soft-landing  sequences,  fn  ik 
Surveyor,  complexity  wi  red.i  e ^ 

’ w.nte.?’®  Surveyor  command  system  repre- 

sented a major  change  in  the  conceS  !f 

' sp’wcraft  control.  Virtually  all  in- 

fl>ght  and  lunar  operations  were  iS^tiat  d 

command  from  the  earth.  Only  1 1 comn‘^nd^ 
Were  sent  in  tuo  * i comniaxid^ 

ton;  Sunreyor  W rlcrivS  ^ 

"nods  du-ji,  tra,s,  ^ ”5 

cominands  following  touchdown 

p®y  Ofius*  Xne  vsnous  elemeni^  nf  ««««. 
craft  (figs.  1 and  2)  wem  ^ ^P**^*" 

rs?  *'S"  """•“““Of  ™'Scl.ted“'hy 

airccti^nal  antennas,  and  the  seten^!. 

^ payload  consisted  of  a tele- 

«annlr  !!?*”  ^ uiissions),  a rurfsce 

>r*  ion  missions  III  and  VK).  and  «» 
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SURVEYOR  SPACECRAFT  LANDED  MODE 


Figure  L Principal  units  of  Surveyor  spacecraft 


Figi4re2,  Surveyor  spacecraft. 


alpha-scattering  instrument  (on  missions  V, 
VI,  and  VII), 

A continuous  watch  was  maintained  over 
each  spacecraft,  which  remained  within  the 
field-of-view  of  at  least  one  of  the  tracking 
stations  at  all  times  during  the  mission.  The 
command  link  between  the  earth  and  the 
spacecraft  was  in  continuous  use,  transmitting 
either  real  or  fill-in  commands  every  one -half 
second  to  maintain  word  synchronization. 
Approximately  200  commands  were  available 
to  set  the  configuration  or  to  control  the 
function  of  the  several  subsystems  in  the 
Surveyor.  From  the  payload  operating  view^ 
point,  the  available  commands  provided  the 
capability  of  controiling  power,  temperatures, 
telemetry  configuration  for  data  transmission, 
and  payload  operations  in  support  of  data 
acquisition. 


c. 
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At  each  Deep-Space  Instrumentation 
Facility  (DSIF)  the  spacecraft  telemetry  and 
video  data  transmitted  from  the  spacecraft 
was  recorded,  displayed  for  internal  require- 
ments, and  processed  for  transmission  to  the 
JPL  Space  Flight  Operations  Facility  (SFOF). 
Approximately  260  items  were  available  on 
the  spacecraft  as  commutated  data  to  provide 
information  on  the  condition  of  the  space- 
craft subsystems.  This  data  was  available  from 
any  of  seven  commutator  word-frame  config- 
urations (IS  to  117  words  per  frame)  at 
selectable  bit  rates  of  from  17.2  to  4400  bits 
per  second.  In  the  event  telemetry  data  or 
video  was  not  present  at  the  SFOF  because  of 
earth  transmission  or  processing  difficulties, 
an  analysis  was  available  at  the  DSIF  from  the 
crew  of  the  command  and  data-handling  con- 
sole (CDC)  upon  request. 

Video  data  was  displayed  on  monitors  at 


1.  Continuous  assessment  and  evalu- 
ation of  mission  status  and  performance 

2.  Determination  and  implementation 
of  appropriate  command  sequences  required 
to  maintain  spacecraft  control  and  to  carry 
out  desired  spacecraft  operations  during 
transit  and  while  on  the  lunar  surface. 

In  addition  to  support  for  the  areas  of 
data  acquisition,  data  processing,  and  com- 
munications, three  groups  of  space  flight 
specialists  provided  techidcal  support  under 
the  space-flight  operations  director  (SFOD)  in 
the  areas  of  flight-path  analysis,  spacecraft 
performance,  and  spacecraft  science. 

Flight-Path  Analyst  and  Command  Group 

The  flight-path  analysis  and  command 
(FPAC)  group  handled  those  space  fliglit 
functions  that  related  to  the  location  of  the 


each  conunand  and  data-handling  console,  but  spacecraft.  The  FPAC  group  made  spedfle 

only  the  video  data  received  at  Goldstone  was  recommendations  for  maneuvers  and  gener- 

transmitted  by  microwave  to  the  SFOF  in  ated  the  specific  command  requirements  to 
real-time.  In  addition  to  magnetic  tape  re-  effect  their  accomplishment.  Five  subgroups 
cordings  of  telemetry  and  video  at  each  of  the  of  specialists  covered  trajectory,  tracking 
receiving  sites  and  at  the  SFOF,  high-quality  data,  orbit  determination,  maneuver  analysis, 

70-millimeter  film  recordings  of  each  frame  of  and  computer-support  functions. 

^ video  were  made  at  Goldstone  and  at  the 

^ SFOF  as  video  was  received.  Spacecraft-Per*''rmance  Analysis  and  Com- 

Spacecraft  command  was  accomplished  mand  Group 

by  voice  instructions  to  the  Surveyor  opera- 
tions chief  of  the  command  and  data-handling  The  spacecraft-performance  analysis  and 

console,  where  either  prepared  punched  tape  conunand  (SPAC)  group  was  responsible  for 

or  manual  inputs  could  be  made  for  the  trans-  the  operation  of  the  spacecraft  itself.  The 

mitter.  Punched  command  tapes  were  used  in  SPAC  group  implemented  commands  for  all 

a tape  reader  at  the  command  and  data-  functions  other  than  science  payload.  They 

handling  console  whenever  long  command  determined  response  to  commands,  spacecraft 

sequences  were  required  that  were  repeated  status,  and  performance  of  the  basic  space- 

many  times.  Commands  could  be  transmitted  craft.  Four  subgroups  of  specialists  covered 

as  desired  at  one-half-second  intervals.  Out-  performance  analysis,  comnuind  preparation 

going  commands  were  relayed  back  to  the  and  control,  computer  support,  and  faUure 

SFOF  for  confirmation  of  the  requested  analysis, 

transmission. 

Space-Science  Analysis  and  Command  Group 

Mission  Operations  System  _ . . . ^ . ? 

The  space-science  analysis  and  command  - 

I (SSAC)  group  performed  those  functions  that 


I The  mission  operations  system  was  or-  related  to  the  operation  of  the  scientific  pay- 

I ganized  to  carry  out  the  project  operational  load,  television  camera,  surface  sampler,  and 

^ functions  of:  alpluMcatteiing  instrument  Each  instrument 
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was  supported  by  a team  composed  of  two 
subgroups;  a performance-analysis  group,  who 
were  concerned  with  the  performance  and 
analysis  of  the  instrument  from  an  engi- 
neering aspect,  and  a science-analysis  group, 
who  were  concerned  with  data  requirements 
and  results  from  a scientific  viewpoint.  In 
addition  to  these  instrument  teams,  there 
were  specialists  covering  computer  suppon, 
DSIF  command  communications,  video- 
recording coordination,  and  log-keeping. 

The  SSAC  director  operated  from  a con- 
trol station  at  the  center  rear  of  the  science 
operations  area  and  had  his  support  specialists 
and  instrument  teams  to  either  side  and  in 
front  of  him.  The  television  team  was  immedi- 
ately in  front  of  the  SSAC  director  with 
special  video  and  computer  data  displays  for 
performance-data  analysis.  Directly  at  the 
front  of  the  science  operations  area  were  lo- 
cated slow-sear  television  monitors  with 
cameras  for  rapid,  hard-copy  photo  acquisi- 

Ttaw (OMTI  Me mm Sm 

Cmmmi  Taf»  m. 

OparaitM  Na,  . _ 


tion,  the  mosaicing  teams  for  panorama 
mosaic  construction,  and  a large  wallboard 
displaying  television-camera  parameters.  The 
surface  sampler  team  were  located  to  the 
SSAC  director’s  right;  to  his  left  were  the 
command  controller  and  video-recording 
coordinator/log-keeper.  The  alpha-scattering 
team  took  over  the  television  team’s  stations 
when  the  alpha-scattering  instrument  was 
operated  because  the  two  instruments  could 
not  send  back  data  simultaneously. 

The  head  of  each  instrument  group  re- 
ported analysis  results  and  recommendations 
directly  to  the  SSAC  director  (on  a personal, 
verbal  bas'  ' Command  requirements  for  uti- 
lization 01  eat  instrument  were  submitted  on 
a command  form  (figs.  3,  4,  and  5),  which, 
after  implementation,  became  a record  of  ac- 
tion taken. 

Authority  to  send  commands  to  the 
spacecraft  rested  with  the  space-flight 
operations  director  and  was  delegated  to  the 
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Figure  3.  Tekvtsion-cttmem  command  selection  form 
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» 


SURVEYOR  SPACECRAFT  REAL-TIME  PAYLOAD  OPERATIONS 


S/C  RECONFIGURATION 
MODE  CHANGE  TV  4/7  TO  SS  4 


NO  OF  CMD  SEQOF 
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Figure  4.  Surface^sampler  command  selection  form. 


OPTICAL  TELESCOPE  TECHNOLOGY 


S/C  RECONFIGURATION 


ASE  4 ro  ENOtO  4 

COM'D 

ENOEO  4 TO  ASE  4 

COM'D 

SUMMING  AMK  OFF 

0214 

PM  PRE-SUMMING  AMP  ON 

0207 

PM  SUMMING  AMP  A ON 

0210 

ASE  4 TO  ASE  SCO'S 

ASE  SCO’S  TO  ASE  4 

33»Ce,  7.3Ke,  3.PKc  SCO*«  OFF 

0220 

7 .35  M)  SCO  ON  (1 100  EPS) 

0216 

ASE  SCO*S  TO  ENOEO  4 

ENOEO  4 TO  ASE  SCO'S 

SUMMING  AMPS  OFF 

0214 

i3Kc.  7.35Ke,  3.9KcSC0'»0rf 

0220 

7.35  A/D  SCO  ON  (1100  BPS) 

0216 

PM  PRE-SUMMING  AMP  ON 

0207 

PM  SUMMING  AMP  A ON 

0210 

MODE  CHANGE  ‘ 


ASE  4 TO  ASE  5 

COM'D 

ASE5TO  ASE  4 

COM'D 

ESP  COMMUTATORS  OFF 

5532 

AiSP  COMM  OFF 

0510 

COAST  PHASE  COMM  ON 

0506 

ENGR  COMM  4 ON 

0231 

IASE4TOASE2  | 

ASE  2 TO  ASE  4 

1 ENGR  COMM  2 ON 

1 0227  1 

ENGR  COMM  4 ON 

0231 

|ASE  5 TO  ASE  2 | 

ASE2TOASE5  | 

AESP  COAAM  OFF 

0510 

ESP  COMMUTATORS  OFF 

0232 

ENGR  COMM  2 ON 

0227 

COAST  PHASE  COMM  ON 

0506 

— 5Ti 

Jiii 

COMMAND 

SEQ 

FUNCTION  PRESENT 

DESIRED 

TO  EE 

COM'D 

OF 

ON  1 OFF 

ON  1 OFF 

EXECUTED 

COM'D 

1 1 1 1 1 

AS  POWER  ON 

3501 

AS  POWER  OFF 

3502 

^ A 1 1 B A ^1 1 1 1 1 1 

CALIBRATION  ON 

3510 

CALlDKATIONlL^g^ljM 

CALIBRATION  OFF 

3520 

ALPHA  4^ 

Al  ON 

3507 

ALrriA  2I  1 1 

A2  0N 

3523 

detectors 

Al  A20FF 

3515 

1 

pI6n 

3517 

2 

P20N 

3513 

PROTON  3 

P30N 

3522 

DITECTORS4""  ■■  ■ 

P4  0N 

3511 

PI  P20FF 

3516 

'P3P4  0FF 

3512 

1 1 1 1 

AS  HEATER  ON 

3555 

hbatbps  SBnpDBBl 

AS  HEATER  OFF 

3504 

nEAlcRS  III  1 

COMP  CON 

0136 

IHHI 

MMmi 

COMP  c 6ff 

0135 

gBRBj 

TO  BACKGROUND 

3505 

HMHmB 

TO  LUNAR  SIMfaC^ 

• VI MFY  DeCOMM  lOCK  <VTR  CACH  COMMAND . 


Figure  5.  Alpha-scattering-instrument  command  selection  form. 
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SSAC  director  as  long  as  the  scope  of  en- 
deavor  was  within  the  planned  sequence  of 
'<■■'.  events.  Deviation  from  standard  procedures  or 
sequences  required  approval  by  the  space- 
t,  fli^t  operations  director.  The  task  of  briefing 
and  directing  the  Surveyor  operations  chief 
was  performed  by  the  command  director  via 
voice  communications  under  the  direction  of 
the  SSAC  director.  Within  the  SSAC  area, 
intergroup  activities  were  primarily  on  a face- 
to-face  relationship,  but  local  intercom 
facilities  were  also  used.  Contact  with  groups 
outside  the  SSAC  area  was  by  intercom  voice 
network. 


Spacecraft  Operations 

The  daily  operations  cycle  started  with 
the  Goldstone  view  period  and  continued 
through  the  two  DSIF  view  periods  that  fol- 
lowed (Australia  and  Spain)  until  Goldstone 
again  resumed  control.  During  the  lunar  op- 
erations phase,  an  operational  plan  was  devel- 
oped daily  on  the  requirements  for  that  day’s 
efforts  as  an  update  of  the  prelaunch  lunar 
operations  plan.  Two  hours  before  each 
Goldstone  rise,  an  operations  planning 
meeting  was  held  at  which  the  operating  re- 
quirements for  the  following  period  were  de- 
veloped. The  project  scientist  submitted  the 
day’s  requirements  at  this  time,  based  upon 
detailed  analysis  (by  investigator  teams)  of 
data  acquired  from  preceding  operating  peri- 
ods. Instrument  requirements  were  considered 
in  their  proper  perspective  along  with  basic 
spacecraft  housekeeping  needs  and  data  re- 
quirements from  the  various  spacecraft 
subsystems.  Following  this  meeting,  the 
space-flight  operations  director  and  the  SPAC 
and  SSAC  directors  developed  spedflc  techni- 
cal area  plans  for  the  three  DSIF  view  periods 
that  followed. 

The  SSAC  group’s  detailed  plarming  re- 
quired fitting  the  various  instrument  require- 
ments into  the  most  efficient  sequences  with 
as  much  as  possible  of  the  command  strings 
worked  out  ahead  of  time.  The  alpha- 
scattering  instrument  and  surface  sampler 
V were  relatively  easy  to  plan  for  once  the  gen- 

I 
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eral  objectives  were  decided  upon  since,  in 
most  cases,  operations  had  to  be  determined 
in  real-time  based  upon  preceding  results.  Al- 
though this  was  also  true  to  a large  extent  in 
the  case  of  television,  many  of  the  commands 
required  for  a series  of  specific  pictures  could 
be  worked  out  ahead  of  time. 

Television  operations  requiring  real-time 
analysis  support  could  only  be  conducted 
during  Goldstone  reception  because  video  was 
not  available  to  JPL  from  overseas  stations, 
although  it  was  available  at  any  receiving 
station  for  its  own  viewing.  Some  TV  was 
managed  during  ov<^rseas  visibility  when  the 
efforts  were  routine,  the  requirements  could 
be  defined  in  detail,  and  the  data  could  be 
acquired  with  limited  analysis  by  station  per- 
sonnel or  with  support  from  SSAC  based 
upon  a verbal  description  of  the  overseas 
video  reception.  Since  TV  support  was  nec- 
essary to  monitor  the  surface  sampler,  it 
could  only  be  operated  during  Goldstone 
reception.  On  the  other  hand,  since  alpha- 
scattering data  was  available  in  the  SFOF 
from  any  of  the  three  DSIF  stations,  that 
instrument  could  be  operated  at  any  time 
instrument  temperatures  permitted. 

Prior  to  each  DSIF  moonrise,  all  applica- 
ble support  areas  of  the  mission  operations 
system  confirmed  their  readiness  to  support 
operations  by  completing  a standard  count- 
dovm  that  exercised  or  calibrated  all  data- 
acquisition,  processing,  recording,  and  display 
equipment.  In  addition  to  normal  prepara- 
tions to  receive  and  to  process  telemetry  data, 
special  precautions  were  taken  to  support  TV 
data  acquisition.  Video  test  patterns,  con- 
forming to  the  last-measured  spacecraft  pa- 
rameters, were  fed  through  the  complete 
video  system  from  receiver  to  recording- 
and-display  equipments.  In  the  case  of 
Goldstone  reception,  this  involved  the  video 
microwave  transmission  system  and  the  Sur-  ^ 

veyor  television  ground  data-handling  system 
(TVGDHS)  with  support  from  the  SSAC  ; 

video  analyst  to  measure  system  performance 
and  to  assure  that  the  system  would  be  ade-  | 

quate  for  reception  of  spacecraft  video.  | 

Real-time  data  arrived  at  the  SFOF  via  | 

microwave  (Goldstone  video  only),  high-speed  | 
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data  line,  and  teleprinter  circuits.  Video  was 
recorded  on  magnetic  tape  and  film  and  pro- 
cessed for  TV  monitor  display  by  the  TV 
ground  data-handling  system.  Telemetry  data 
was  processed  by  the  computer  complex  for 
display  as  calibrated  engineering  data  or  for 
performance  analysis.  The  computer  complex 
consisted  of  three  strings  of  IBM-7040  and 
7094  computers.  The  7040  computer,  acting 
as  an  input-output  processor  for  telemetry 
data,  coUected  data  and  performed  prelim- 
inary processing  such  as  data  calibration, 
alarm  monitoring,  parity  checking,  and  aver- 
aging data  channels  when  more  than  one  word 
of  a channel  occurred  in  a frame.  The  7094 
computer  provided  analysis  capability.  For 
TV-frame  identification  data  (TVID),  certain 
position  signals  were  calibrated  by  a teleme- 
tered TV  calibration  reference  voltage.  All 
temperatures  and  TV-frame  identification 
data  were  calibrated  by  polynominal  approxi- 
mations and  were  scaled  to  engineering  units. 

Although  operation  of  the  instrument 
payload  was  of  primary  importance,  there 
were  always  conflicting  requirements  tiiat  pre- 
vented the  payload  from  being  operated  much 
over  a maximum  of  80  percent  of  the  avail- 
able time  under  the  best  of  conditions.  Due  to 
telemetry  limitations,  payload  operation  had 
to  cease  during  times  of  spacecraft  house- 
keeping functions,  such  as  solar  panel/planar 
array  antenna  repositioning  (for  maintaining 
antenna  pattern  alignment  or  battery  charge 
rate  or  for  providing  shade),  and  engineering 
interrogation  of  spacecraft  subsystems.  This 
normally  required  20  minutes  every  hour  or 
two  during  which  time  the  spacecraft  teleme- 
try system  was  reconfigured  to  sample  various 
engineering  data  points  at  appropriate  bit 
rates  from  any  one  of  seven  different  com- 
mutators. Because  of  the  high  subsystem  tem- 
peratures that  were  encountered  around  lunar 
noon,  there  were  periods  during  which  either 
no  instrument  operations  were  possible  or 
they  where,  at  best,  severely  restricted.  There 
were  times  under  these  conditions  when  a few 
higlbsun  TV  pictures  were  important  enough 
to  q>end  up  to  S minutes  for  two  or  three 
pictures  and  then  to  shut  the  camera  down 
for  60  minutes  while  it  dissipated  the  internal 
heat  build-up. 


Since  instrument  capabilities  and  re- 
quirements varied  daily,  as  a function  of  sun 
position,  spacecraft  shadows,  and  thermal 
constraints,  ability  to  predict  changing  condi- 
tions was  important  in  developing  require- 
ments. Once  the  attitude  and  orientation  of 
the  spacecraft  was  established  after  landing, 
computer  plots  of  spacecraft  shadows  became 
available  and  were  valuable  aids  in  predicting 
instrument  temperatures  and  viewable  areas 
under  or  near  the  spacecraft.  The  project 
scientist  and  the  prindpal  investigators  were 
supported  by  investigator  teams  whose  func- 
tion, during  the  mission,  was  to  analyze  data 
in  near-real-time  and  to  submit  requirements 
for  the  subsequent  operating  period.  Working 
groups  of  these  investigator  teams  had  a full- 
scale  spacecraft  mockup  with  an  operable  TV 
camera  from  which  situation  estimates  could 
be  made  on  shadows  and  view  factors  as  a 
function  of  sun  positioiL  This  visual  aid 
became  a valuable  supplement  to  the  shadow 
plots  and  lunar  TV  pictures  in  supporting  the 
analysis  of  results  and  the  generation  of  re- 
quirements for  subsequent  operating  periods. 

Television-Camera  Operations 

Television-camera  operations  included 
command  and  data  acquisition  and  both  data 
display  and  analysis. 

Command  and  Data  Acquisition 

The  television  camera  was  mounted  at  a 
height  of  approximately  65  inches  so  that  it 
gave  the  best  view  of  the  surrounding  lunar 
surface.  It  was  also  mounted  at  a tilt  of  16 
degrees  in  order  to  improve  the  viewability  of 
the  nearest  footpads  and  the  area  to  be 
worked  on  by  the  surface  sampler  and  alpha- 
scattering instruments.  It  used  a vidicon 
imaging  system  with  a rotating,  tilting  mirror 
that  permitted  viewing  the  surrounding  su^ 
face  through  a full  360  degrees  of  azimuth 
and  up  to  50  degrees  in  elevation  above  the 
plane  normal  to  the  vertical  axis  of  the 
camera  (figures  6 and  7). 

The  camera  was  equipped  with  a 
variable-focal-length  lens  (imaghig  either  a 
6-degree  or  25-degiee  field<of-view),  a variable 
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Figure  6,  Television  camera,  cutaway  view. 
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Figure  7.  Television  camem,  fimctiontA  exploded 
view. 


lens  aperture  that  could  be  used  in  an  auto- 
matic mode  or  could  be  set  from  f/4  to  f/22 
in  ten  steps,  a four-position  filter  wheel  that 
had  three  colored  filters  and  one  polarizing 
filter,  focus  control  from  4 feet  to  infinity  in 
SC  steps,  and  a focal-plane  shutter  that  could 
be  set  for  a normal  0. 1 5-second  exposure  or 
could  be  left  open  for  any  desired  period  of 
time  for  timed  exposures.  The  camera  was 
able  to  accommodate  luminance  levels  from 
approximately  0.008  to  2600  foot-lamberts. 
The  resolution  capability  was  approximately 
1 -millimeter  at  4 meters.  The  light-sensing 
system  used  to  provide  automatic  aperture 
control  was  also  used  to  inhibit  shutter  opera- 
tion when  excess  light  intensity  was  present. 
Each  picture,  or  frame,  w<is  imaged  through 
the  optical  system  onto  the  vidicon  sensor, 
which  could  be  read  out  in  either  a 200-line 
or  600-line  mode.  The  200-iine  mode  was  a 
low-power  backup  option;  the  60Mne  mode 
was  a 220-kilohertz~bandwidth  normal  mode 
requiring  high  power  and  the  planar  array 
high-gain  antenna. 

There  were  25  camera  commands  avail- 
able to  control  the  various  camera  functions 
of  power,  mirror  stepping,  focal  lengtli,  focus, 
iris,  filter,  shutter  mode,  and  shutter  ac- 
tuation. In  the  600-Iine  mode,  the  vidicon  was 
scanned  every  1.2  seconds.  When  a frame  of 
video  was  commanded,  video  readout  of  the 
vidicon  occurred  during  the  scanning  cycle 
following  shuttered  vidicon  exposure,  ^ch 
frame  required  one  second  for  readout  with 
the  following  0.2  second  being  used  to 
transmit  pulse  code  modulated  (PCM)  data  oi 
the  TV-frame  identification  data.  The  TVID 
contained  15  camera  parameters  defining  the 
status  of  the  camera  and  the  optical  system. 
The  two  vidicon  scans  that  followed  were 
used  to  complete  the  erasure  of  the  vidicon 
image  so  that  the  nunimum  picture  cycle  was 
3.6  seconds.  The  maximum  picture  rate  used 
in  practice  was  a frame  about  every  5 seconds, 
which  was  a more  comfortable  and  practical 
rate  for  data  consumption  and  provided 
enough  free  time  so  that  synchronization  of 
shutter  actuation  commands  with  the 
free-running  vidicon-erasure  cycles  was  no 
problem. 
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In  addition  to  the  constraint  on  frame 
rate,  there  were  also  constraints  on  other 
functional  commands  to  various  camera  re- 
sponse requirements.  For  instance,  no  com- 
mands could  be  sent  for  a period  of  S seconds 
after  a focal-length  change  was  commanded; 
an  iris  change  required  a period  of  1 second;  a 
filter  change  required  1.5  seconds;  etc.  Com- 
mand requirements  were  implemented  at  the 
DSIF  stations  in  accordance  with  voice  in- 
structions from  the  SFOF,  either  by  manual 
keyboard  entry  or  by  means  of  prepared 
punched  tape. 

A full  panoramic  survey  of  narrow-angle 
pictures  required  approximately  1000  pic- 
tures; a complete  wide-an^e  survey  required 
120  pictures;  and  a particular  collection  of 
ten  special-interest  groups  of  pictures  of  the 
spacecraft  and  its  areas  of  contact  with  the 
surface  required  about  130  pictures.  Tapes  of 
this  type  were  developed  before  a mission; 
others  tliat  were  dependent  upon  the  sur- 
rounding surface  features  were  assembled 
after  landing.  Running  such  a tape  required 
that  operation  of  the  camera  be  initiated 
ahead  of  tape  start  by  manual  commands  so 
that  camera  configuration  agreed  with  the 
starting  requirements  of  the  tape  for  azimuth, 
elevation,  focus,  focal  length,  and  an  iris  set- 
ting suitable  for  the  brightness.  If  the  sun  was 
near  the  horizon,  suitable  avoidance  action 
had  to  be  taken  to  skip  both  the  tape  and  the 
camera  past  that  area  in  order  to  eliminate 
any  possibility  of  burning  the  vidicon  in  the 
event  of  failure  of  the  shutter  inhibit. 

The  assembly  of  strings  of  commands 
and  generation  of  the  tapes  was  done  by 
computer.  Tape  length  was  limited  to  approx- 
imately 2000  commands,  which  was  the 
number  required  to  obtain  200  frames  at  5- 
second  intervals  with  a 16-second  command 
rate.  The  1000-picture,  360Klegree,  nantiw- 
an^e  survey  required  five  tapes,  each  suitable 
only  for  its  segment  of  azimuth.  Since  the 
camera  was  tilted  1^  mounting  design  as  well 
as  by  the  nature  of  the  surface  upon  which 
the  spacecraft  tested,  every  different  azimuth 
presented  a different  proffle  of  slope  relative 
to  the  vertical  axis  of  the  camera.  Distance  to 
the  surface  and  the  location  of  the  horizon,  as 


a function  of  elevation,  changed  with  camera 
azimuth  (as  did  picture  rotation  within  a 
frame).  Although  command  tapes  prepared 
before  launch  were  designed  to  provide  for  a 
vertical  spacecraft  and  a flat  lunar  surface,  the 
small  deviations  encountered  were  accom- 
modated by  biasing  focus  settings  from 
nomina’ 

Eaci  of  the  five  narrow-angle,  2000- 
command,  survey  tapes  contained  approx- 
imately 200  shutter  commands,  450 
mirror-stepping  commands,  and  120  focus 
commands,  with  the  remaining  commands 
being  fill-ins  to  provide  proper  camera- 
response  timing.  The  five  tapes,  run  in  succes- 
sion, provided  the  1000  panoramic  survey 
pictures  in  about  116  hours  of  camera  running 
time.  The  survey  to  provide  the  same  coverage 
in  wide-ang^e  consisted  of  120  pictures  and 
took  about  10  minutes.  Reference  charts  that 
were  used  in  controlling  tape  operation  for 
two  of  the  sequences  are  shown  in  figures  8 
raid  9. 

Data  Display  and  Analysis 

The  TV  camera  data  that  was  available 
to  the  television  team  in  the  SSAC  area  was 
displayed  in  the  following  manner. 

1.  One  slow-scan  video  TV  monitor  for 
viewing  of  the  image  as  it  was  received 

2.  Three  oscilloscope  displays  of  video 
waveform  for  analysis  of  video  circuit- 
performance  and  camera  focus  and  exposure 

3.  Computer  printout  of  all  camera 
parameters  received  after  each  frame  of  video 

4.  Analog  strip-chart  recordings  of  vari- 
ous camera  parameters 

5.  A volatile  wallboard  display  of  all 
camera  parameters  for  the  last  picture  re- 
ceived (fig.  10) 

6.  TV  monitor  disi^ay  of  camera  pa- 
rameters using  computer  graphic  techniques 

7.  A Polaroid  camera  providing  pictures 
from  a slow-scan  monitor  on  an  **as  required” 
basis 

8.  Two  automatic  “paper  cameras,” 
which  exposed  sensitized  paper  directly  from 
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negative  images  on  slow-scan  monitors  and 
provided  quick  pictures  (within  IS  seconds) 
for  real-time  mosaic  generation  (fig.  11) 

9.  Scan-converted,  closed-circuit, 
RETMA  TV  display  for  general  viewing  of  last 
received  image  (continuously  refreshed  image 
from  storage  tube) 

10.  Ooaed-circuit  TV  display  of  tele- 
type listings  of  transmitted  commands. 

The  television-performance  analysis 
group  was  responsible  for  camera  control  and 
performance  analysis  of  the  video  and  electro- 
mechanical systems  of  the  camera.  The 
camera  video  sync  and  sweep  circuitry  perfor- 
mance as  well  as  the  video  communications 
system  performance  from  Goldstone  were 
monitored  by  the  video  analyst  with  his  dis- 
l^y  of  oscilloscope  video  waveforms  and 
imagery  from  a slow-scan  monitor.  The  elec- 
tromechanical analyst  was  able  to  monitor  the 
camera  reqsonse  to  commands  from  the  die- 
play  of  the  TV-frame  identification  data. 


which  was  printed  or  plotted  after  each  frame 
of  video.  His  knowing  the  sequence  of 
commands  permitted  the  analyst  to  spot- 
check  critical  parameters  and  to  confirm  that 
the  camera  was  responding  as  commanded. 

Analysis  of  the  picture  content  in  order 
to  ascertain  that  quality  was  satisfactory  and 
that  objectives  were  being  met  was  the 
responsibility  of  the  television-science  analysis 
group.  The  photo  analyst  monitored  each 
picture  and  an  oscilloscope  disjrfay  of  the 
waveform  from  wnich  he  could  determine 
that  exposure  and  focus  were  satisfactory.  In 
the  event  a change  was  indicated,  the  survey 
would  be  stopped;  changes  would  be  made  in 
focus  or  iris  settings;  and  the  su^ey  would 
then  continue.  In  order  to  obtain  an  early 
evaluation  of  the  overall  results  of  multi- 
picture  surveys,  panoramic  mosaics  were 
constructed  in  uea^real-time;  i.e.,  as  soon  as 
pictures  were  availaUe  from  the  paper 
camera.  Without  trying  to  nlatch  imM0f 
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Figure  9.  NurouHingle’segmeiit  command  tape  chart. 


content,  rough  thnuned  pictures  were  stapled 
to  prepare  grids  by  mosaic  teams  in  the  order 
received.  The  mosaic  team,  knowing  the 
planned  sequence  of  picture  talcing  and  with 
the  help  of  an  azimuth/elevation  tab  on  each 
picture,  made  a complete  mosaic  available  in  a 
very  few  minutes  after  the  last  picture  of  a 
sequence  had  been  taken  (fig.  12).  Improved 
mosaics  were  made  later  in  non-ieal-time,  as 
shown  in  figure  13,  which  illustrates  the 
effect  of  camera  tilt. 

During  the  five  missions,  the  TV  camera 
sent  back  approxunately  88,000  frames  of 
video  in  response  to  approximately  600,0(X) 
camera  commands.  The  majority  of  the 


pictures  were  obtained  from  lunar  surface 
panoramas  at  various  solar  angles  to  satisfy 
topography  requirements,  viewing  of  the 
spacecraft  and  its  effect  on  the  lunar  surface, 
and  color  (fig.  14)  or  polarimetric  surveya  In 
addition,  special  pictiucs  were  also  obtained 
of  the  following; 

• Earth  through  colored  and  polar- 
ized filters 

• Sun  eclipsed  by  earth 

• Solar  corona  after  sunset 

• Surface  pictures  after  sunset,  by 
earthshine 


• Viewing  of  planets,  stars,  and  laser 
beams  from  earth. 

Surface-Sampler  Operations 

The  surface-sampler  operations  included 
command  and  data  acquisition  and  both  data 
display  and  analysis. 
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anets,  stars,  and  laser  Command  and  Data  Acquisition 


The  surface-sampler  instrument  was  a 
soil-manipulative  device  that  consisted  of  a 
scoop  on  the  end  of  a pivoted,  lazy-tcngs  arm. 
It  had  four  motors  to  control  extension, 
azimuth,  and  elevation  of  the  scoop  as  well  as 
position  of  a scoop  door.  This  provided  the 
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Figure  1 L **Paper  cameras  for  real-time  mosaics. 


Figure  12,  Nariowangie  (36-degree)  real-time  rou^ 
mosaic. 
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Figure  13.  Wide-angle  (360Hlegree)  improved  mosaic. 


Figure  14.  Surveyor  III,  pad  2. 


capability  of  reaching  the  surface  through  an 
arc  of  112  degrees  at  a radius  of  from  23  to 
S8  inches.  A mosaic  of  the  working  area  is 
shown  in  figure  IS.  The  instrument  was  able 
to  dig,  scratch,  push,  pull,  grasp  at,  and  trench 
the  lunar  surface.  There  was  no  position, 
force,  or  acceleration  instrumentation 


provided  for  the  mechanism.  There  were  only 
telemetry  '•eadings  of  motor  current,  temper- 
atures, and  voltages;  hence,  all  op.jrations  had 
to  be  carried  out  by  visually  monitoring  the 
results  with  the  television  camera  and  by 
interpreting  the  telemetry  measurements. 

Because  installation  of  the  instrument  on 
the  spacecraft  was  a late  adaptation  to  an 
interface  previously  provided  for  an  approach 
television  camera,  only  four  usable  commands 
existed  to  provide  for  1 9 deployment  and 
control  functions.  A unique  approach  was 
employed  to  enable  the  generation  of  the 
necessary  commands  although  it  did  compli- 
cate comnianding  procedures;  i.e.,  several 
spacecraft  commands  were  required  for  each 
function.  An  Instrument  auxiliary  was  used 
that  provided  a four-element  shift  register  and 
a 16-command  decoding  matrix.  Each  func- 
tion thus  required  four  commands,  repre- 
senting either  a digital  “1”  or  a digital“0,”  to 
generate  a unique  combination  for  the  com- 
mand decoder,  a fifth  command  to  initiate 
execution,  and  a sixth  commano  to  clear  the 
shift  register  for  subsequent  use.  The  four 
spacecraft  commands  provided  power 
on/execute,  digital  one,  digital  zero/reset,  and 
power  off.  To  facilitate  transmission  of  all  the 
spacecraft  commands  required  to  accomplish 
the  operating  functions,  punched  command 
tapes  were  used  ; they  consisted  of  a series  of 
prepared  sequences  selected  in  accordance 
with  real-time  requirements.  The  motors  were 
operated  by  timed  pulses  of  either  0. 1 or  2.0 
seconds  duration;  thus,  the  scoop  was  posi- 
tioned in  a series  of  short  steps,  with  a fine  or 
coarse  step  for  each  execute  of  whichever 
command  logic  was  present  in  the  register. 
Pictures  of  the  surface  sampler  could  not  be 
taken  while  the  sampler  was  operating;  there- 
fore, the  mechanism  was  moved  and  then 
photographed  to  determine  the  results.  With 
the  television  camera  on  during  all  sampler 
operations,  the  TV- frame  identification  data 
had  to  be  inhibited  whenever  the  surface 
sampler  was  on  in  order  to  prevent  the  tele- 
vision commutated  telemetry  from  interfering 
with  the  surface-sampler  telemetry.  Whenever 
the  camera  parameters  had  to  be  identified, 
the  surface  sampler  was  turned  off. 
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Figure  15.  Working  area  mosaic  of  surface  sampler  on  Surveyor  VII. 


Data  Display  and  Analysis  Subsequent  command  requirements  were  then 

t . - determined,  and  operations  were  carried  out 

T Telemetry  data  on  motor  current,  tern-  on  a step-by-step  basis. 

peratures,  supply  voltages,  and  the  command  During  the  two  missions  carrying  the 

' • register  status  (seven  channels)  were  displayed  surface-sampler,  the  instrument  was  operated 
on  a strip-chart  recorder  and  a printer.  This  for  55  hours.  There  were  some  19,000  space- 

data  was  monitored  by  the  surface-sampler  craft  commands  sent  to  perform  6000 

performance  analyst  and  provided  sufficient  sampler  functions. 

information  to  indicate  the  ability  of  the  The  more  obvious  results  of  these  efforts 

instrument  to  support  its  operation.  Although  led  to  the  observation  that  the  lunar  soil 

the  various  motor  torques  had  been  calibrated  appears  to  be  fine-grained,  irregular  in  depth, 

as  a function  of  current,  temperature,  and  and  relatively  shallow,  ranging  in  the  areas 

voltage  for  purposes  of  determining  applied  tested  from  depths  of  less  than  2.5  centi- 

forces  for  post-mission  data  reduction,  this  meters  to  a depth  of  at  least  more  than 

information  had  little  value  in  support  of  15  centimeters,  where  substantial  rock  frag- 

operations  although  motor  current  telemetry  ments  were  encountered.  Evaluation  of  the 

did  provide  informat  ion  about  a stalled  motor  data  also  provided  estimates  of  the  soil 

condition,  beyond  which  no  further  motion  cohesion,  angle  of  friction,  bearing  capacity, 

could  be  expected.  strength,  and  density. 

Evaluation  of  performance  and  results 
was  based  upon  an  analysis  of  TV  pictures.  Alpha-Scattering  Operations 
Since  pictures  were  taken  at  relatively  long 

intervals  of  time,  polaroid  photographs  were  The  alpha-scattering  operations  included 

I provided  to  the  surface-sampler  science  command  and  data  acquisition  and  both  data 

I analyst  after  each  series  of  commands,  display  and  analysis. 


It 

k 

I 


630 


OPTICAL  TELESCOPE  TECHNOLOGY 


Command  and  Data  Acquisition 

The  sensor  head  for  the  alpha-scattering 
instrument  was  a cube,  6 inches  on  each  side, 
that  was  deployed  to  the  lunar  surface  on  a 
nylon  cord,  under  its  own  weight,  when  it  was 
released  (fig.  16).  It  contained  six  source 
capsules  of  alpha-emitting  curium- 242,  two 
detectors  measuring  scattered  alpha  particles 
from  the  surface  and  four  detectors  measuring 
protons  from  alpha-proton  nuclear  reactions 
in  some  of  the  lighter  surface  elements.  The 
outputs  from  each  set  of  detectors  were  fed 
to  separate  1 28-channel  pulse-height  analyzers 
to  generate  two  data  streams  of  the  total 
alpha  and  proton  events.  Digital  outputs 
representing  the  energy  level  of  detected 
events  were  multiplexed  in  a combined 
telemetry  channel  with  the  engineering 
measurements  of  the  instrument.  This  was  a 
relatively  simple  device  to  operate,  requiring 
only  that  its  various  capabilities  be  turned  on 
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Figure  16.  AlphO'Scattering  instrument 


or  off,  in  accordance  with  a preliminary 
analysis  of  data,  to  confirm  that  the  detectors 
were  working  satisfactorily. 

The  instrument  had  19  commands  to 
control  power,  heaters,  deployment,  and 
calibration  and  to  turn  the  detectors  on  or 
off.  Because  the  number  of  commands 
required  at  any  one  time  were  very  few,  all 
commands  were  transmitted  by  manual  key- 
board from  the  DSIF  as  directed  from  the 
SSAC  area. 

The  science  and  engineering  data  were 
multiplexed  for  simultaneous  transmission  to 
earth.  The  science  data  consisted  of  the 
combined  output  of  the  two  alpha  detectors 
plus  the  combined  output  of  the  four  proton 
detectors.  The  engineering  data  consisted  of 
seven  measurements  to  monitor  instrument 
voltages,  temperatures,  and  detector  config- 
uration. 

For  purposes  of  monitoring  the  exper- 
iment in  real-time,  the  signal  was  separated  at 
the  DSIF  station  into  the  two  science  data 
streams  of  alpha  and  proton  data  plus  the 
engineering  parameters.  The  science  data 
streams  were  input  to  a computer  at  the  DSIF 
station.  The  computer  established  synchro- 
nization of  the  data  words  and  assembled 
within  its  memory  four  spectra  of  128 
channels  each.  Two  of  these  four  were  alpha 
spectra,  one  parity-correct  and  one  parity- 
incorrect,  and  two  were  proton  spectra,  one 
parity-correct  and  one  parity-incorrect. 
Spectra  of  the  data  were  accumulated  at  the 
tracking  site  in  any  .length  duration  (nomi- 
nally 40  minutes)  within  the  computer 
storage  capability  during  spacecraft  data 
transmission.  Following  a period  of  accumu- 
lation, during  which  the  only  analysis  possible 
was  the  verification  that  data  was  being 
received,  the  data  was  dumped  in  the  format 
of  a teletype  message  for  transmission  to  the 
SFOF,  and  a new  accumulation  was  started. 
Control  of  the  DSIF  computer  accumulations 
and  spectra  transmission  was  by  voice 
direction  from  SSAC  to  the  DSIF  station. 

Prior  to  deployment,  with  the  instru- 
ment still  in  its  stowed  position,  the  alpha- 
scattering  instrument  was  turned  on  to  obtain 
a spectrum  of  a standard  sample  of  known 
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composition,  which  was  part  of  the  support- 
ing platform.  The  data  satisfactorily  con- 
firmed that  the  instrument  was  capable  of 
providing  analyses  in  the  lunar  environment. 
The  instrument  was  then  deployed  to  the 
surface  in  two  stages.  The  first  command 
released  the  support  platform  and  permitted 
the  instrument  to  swing  free  on  its  nylon  cord 
about  22  inches  above  the  surface  from 
whence  reference  spectra  were  obtained  of 
the  background  radiation.  The  second  deploy- 
ment command  freed  the  alpha-scattering 
instrument  to  descend  to  the  surface  under  its 
own  wei^t  There  was  no  telemetry  data  to 
indicate  satisfactory  deployment;  therefore, 
this  was  determined  by  TV  pictures.  A 
minimum  of  25  operating  hours  of  data 
'collection  with  all  detectors  operating 
properly  on  the  surface  was  the  objective  for 
each  sample  spectrum.  Peiiodicaiiy  during 
data  accumulation,  the  instrument  perfor- 
mance was  calibrated  by  turning  on  an 
electronic  pulser  and  accumulating  its  data  for 
2 minutes. 

Operation  was  rather  straightforward 
and  was  complicated  only  by  the  competition 
for  time  from  the  other  operational  require- 
ments and  by  the  difficulty  of  maintaining 
temperatures  below  the  critical  operating  and 
survival  limits.  Surveyors  V and  VI  landed  in 
equatorial  regions,  and  the  solar  panel  and 
pl^ar  array  were  very  effective  in  providing 
shade.  Surveyor  VII  landed  in  a soutlierly 
latitude,  and  this  shading  was  not  possible; 
hence,  the  data  collection  was  severely  limited 
around  lunar  noon. 

Surveyor  VII  was  the  only  spacecraft 
that  had  all  three  of  the  payload  instruments 
aboard  at  the  same  time.  Both  the  surface 
sampler  and  the  TV  camera  were  used  very 
effectively  in  assisting  the  alpha-scattering 
instrument  to  attain  its  objectives.  Because  of 
a jamming  in  the  nylon-cord  release  system, 
the  alpha-scattering  instrument  had  to  be 
forced  to  the  surface  by  a downward  force 
from  the  surface-sampler  scoop.  During 
periods  of  high  temperature,  the  shadow  of 
the  surface-sampler  scoop  was  positioned  over 
the  sensor  head  to  provide  some  shade.  After 
sufficient  data  collection  had  been  obtained 


from  the  first  surface  sample,  the  surface- 
sampler  scoop  was  able  to  pick  up  the  sensor 
head  and  to  redeploy  it  to  a second  and  then 
to  a third  position. 

Data  Display  and  Analysis 

In  addition  to  the  compressed-spectra 
teletype  display  of  the  data  as  it  was  received 
from  the  DSIF  stations,  there  were  seven 
channels  of  engineering  telemetry  related  to 
the  instrument  performance  that  were 
continuously  being  updated  and  displayed 
during  reception  of  data  from  the  spacecraft. 
These  monitored  supply  voltag>%,  temper- 
atures, and  detector  ON  status. 

Since  there  was  no  need  to  determine 
the  chemical  analysis  of  the  surface  samples  in 
real-time,  the  only  requirement  in  addition  to 
recording  sufficient  data  was  to  ascertain  that 
the  recorded  data  represented  reliable 
detector  output.  If  a detector  were  to  become 
faulty,  any  accumulation  from  that  group  of 
detectors  would  be  useless  because  tho  out- 
puts from  two  alpha  detectors  and  the  four 
proton  detectors  were  summed  into  their 
respective  data  streams.  Gross  anom.Uies 
could  be  observed  in  the  teleprinter  Using, 
but  subtle  discrepancies  could  be  detected 
only  by  a more  thorough  analysis  of  accu- 
mulations and  caUbration  data.  This  v/as 
accompUshed  at  the  SFOF  by  a computer 
program  that  made  a preliminary  spectrum 
analysis  for  the  purpose  of  confirming  instru- 
ment performance.  As  the  raw  spectra  were 
received  at  the  SFOF,  they  were  fed  to  a 
computer  for  analysis.  If  unreliable  data  were 
noted,  it  was  necessary  to  isolate  the  faulty 
detector.  This  was  done  by  cycling  through 
the  detectors,  determining  which  isolated  data 
were  faulty,  and  turning  off  the  appropriate 
detector. 

The  alpha-scattering  instrument  operated 
on  three  missions  for  a total  of  248  hours  of 
data  collection  in  analyzing  the  material  of  six 
different  samples.  Results  from  these  mear 
surements  permitted  an  estimate  of  the 
atomic  percent  of  these  elements;  carbon, 
oxygen,  sodium,  magnesium,  aluminum, 
siUcon,  a calcium  group,  and  an  im«  group. 
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The  analysis  indicates  that  the  material 
resembles  basaltic  rocks  of  the  earth.  The 
results  of  Surveyors  V and  VI  show  that  the 
chemical  composition  of  the  two  Mare  land- 
ing sites  was  essentially  the  same  although,  in 
the  Surveyor  VII  highland  region,  a lesser 
amount  of  the  iron  group  of  elements  (on  the 
order  of  a factor  of  two)  was  indicated. 

Training 

Training  in  preparation  for  participation 
in  television  payload  operations  took  place 
over  a period  of  approximately  IS  months 
prior  to  the  first  mission.  Training  on  surface- 
sampler  and  alpha-scattering  instruments  was 
conducted  between  subsequent  missions  after 
plans  to  include  these  instruments  were  made 
firm.  Development  of  the  capability  within 
SSAC  to  operate  the  payload  consisted  of 
three  broad  categories  of  effort: 

1.  Development  of  techniques  and 
procedures  using  a laboratory  type  of  simu- 
lation of  the  instrument  and  data-processing 

2.  Application  of  operating  procedures 
to  command  and  data  acquisition  system  for 
mission  operations  by  using  a fully  simulated 
data  source  but  excluding  the  operational 
group  interface  not  directly  involved  in  data 
acquisition  or  data  analysis 

3.  Participation  in  complete  dress 
rehearsals  involving  all  opuation^  interfaces 
of  the  mission  control  system. 

During  this  period,  detailed  operating 
procedures  and  sequences  of  events  were 
developed  and  documented.  Training  was 
conducted  by  commanding  the  simulated 
instruments  and  by  analyzing  the  displayed 
data  in  an  environment  simulating  that 
expected  during  the  mission.  Development  of 
the  simulation  system  and  training  progressed 
simultaneously  although  earlier  development 
of  simulation  would  have  permitted  a greatly 
reduced  training  effort.  Training  of  the 
various  supporting-element  personnel  and  the 
development  of  their  systems  (such  as  the  TV 
ground  data-handling  system,  the  command 
and  data-handling  console,  data-processing, 
and  communications)  evolved,  in  part,  as  a 
result  of  their  support  for  SSAC  training. 


The  final  simulation  capability  consisted 
of  an  operable  camera  mcuntud  on  a space- 
frame  mockup  at  the  JPL  with  a system  capa- 
ble of  commanding  the  camera  through  the 
Goldstone  command  and  data-handling 
console.  The  video  and  computer-simulated, 
commutated,  TV-frame  identificatior  data 
were  transmitted  to  Goldstone,  and  the  data 
was  processed  tlirough  the  mission  support 
system  all  the  way  from  the  antenna  to  the 
fmal  display. 

For  Surveyor  III,  ar.  operating  surface 
sampler  was  added  to  the  mockup.  The 
addition  of  the  alpha-scattering  capability  for 
Surveyor  V required  bringing  the  remote 
laboratory  data  from  its  vacuum-chamber 
environment  to  the  system  via  a dataphone 
link  and  simulating  its  engineering  data  by 
computer.  Training  of  overseas  CDC  crews  for 
participation  in  payload  data  acquisition  was 
done  through  the  use  of  simulated  data 
recording. 

Although  the  final  system  provided  a 
reasonable  simulation  of  real-time  data 
response,  it  was  a complex  and  difficult  sys- 
tem and  produced,  on  its  own,  most  of  the 
problems  one  might  expect  to  encounter  in  a 
mission.  Operating  the  Surveyor  on  the  moon 
turned  out  to  be  quite  easy  in  comparison  to 
operating  the  simulated  system. 

Conclusions 

The  data  returned  by  Surveyor  has 
provided  significant  information  about  the 
surface  of  the  moon,  not  only  from  the 
instruments  described  but  also  from  an 
analysis  of  the  behavior  of  various  operational 
subsystems  of  the  spacecraft.  The  operational 
control  procedur  s described  have  proved 
very  effective  in  accuiiing  a large  amount  of 
data  from  the  surface  of  the  moon  over 
relatively  short  periods  of  available  time. 
Optimum  results  with  rapid  ie.sponse  were 
obtained  from  a complex  set  of  data  senson; 
on  a vehicle  some  230,000  miles  away.  The 
availability  of  a highly  flexible  spacecraft 
system  teamed  with  man  in  the  real-time  data^ 
analysis  and  decision  loop  provided  an 
exploratory  ability  that  was  capable  of 
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Orbiting  Astronomical  Observatory  Mission  Operations 


H,  Robert  Lynn 

NASA  Goddard  Space  Flight  Center 


Introduction 

^ Mission  operations  involves  all  aspects  of 

‘ in-orbit  operation  and  is  particularly  directed 
to  meeting  mission  objectives  efficiently. 
- Much  preparation  is  required  to  accomplish 
these  objectives.  A ground  system  must  be 
developed,  mission  plans  completed,  and 
testing  and  training  conducted  to  integrate  all 
? aspects  of  mission  operations  into  a unified 

■ system. 

> Mission  planning  and  ground  system 

design  are  iterative  processes.  Mission  plans 
I generate  ground  system  requirements  for 

1 which  a design  is  engineered;  likewise,  the 

ground  system  design  discloses  capabilities 
and  difficulties  that  require  new  mission 
plans.  The  mission  planner  would  continue 
this  iterative  process  indefinitely  if  the  various 
system  designs  were  not  ^ally  frozen. 
Throughout  development  of  the  system, 
requirements  change  as  system  capabUities, 
operational  timing,  and  priorities  become 
clear.  There  are  always  worthwhile  improve- 
ments to  be  made,  and  there  are  always  risks 
in  flying  the  “present  system.**  Management 
of  the  mission  operations  system  involves 
many  difficult  decisions  based  upon  calcu- 
lation of  the  risk,  assessment  of  the  capability 
of  the  system  to  cope  with  the  risk,  and  the 
resources  available  to  eliminate  the  risk. 

Within  the  Goddard  Space  Flight  Center, 
the  idents  of  people  from  varied  disciplines 
have  been  pooled  together  under  the  mission 
operations  manager  to  accelerate  the  iterative 
procedures  of  mission  planning  and  ground- 
system  design.  To  complete  the  mission 
preparation,  the  ground  system  must  be 
extensively  tested  with  actual  spacecraft  data; 


in  addition,  exercises  and  simulations  must  be 
conducted  in  order  to  train  personnel  and  to 
verify  operations  procedures  in  a realistic 
environment. 

Spacecraft  Description 

Tlie  Orbiting  Astronomical  Observatory 
(OAO),  figure  1 , weighs  4400  pounds;  it  is 
10  feet  high  and  21  feet  wide  with  the  solar 
paddles  deployed.  The  solar  array  can 
produce  1200  watts  of  peak  power  and  can 
sustain  an  average  orbitd  load  of  550  watts. 
The  nonnal  operating  load  is  approximately 
420  watts.  The  spacecraft  is  three-axis  stabi- 
lized and  is  in  a 480-statute-mile,  circular 
orbit,  having  an  inclination  of  35  degrees. 

The  stabilization  and  control  system 
includes: 

1.  Six  gimb^Jed  star  trackers  that  pro- 
vide a coarse  pointing  accuracy  of  ±30  arc 
seconds 

2.  One  boresight  star  tracker  with  a 
pointing  accuracy  of  ±5  arc  seconds 

3.  Rate  and  position  gyros  for  backup 
control  with  a drift  rate  of  O.I  to  0.2  degree 
per  hour 

4.  Inertia  wheels  for  slewing  and  atti- 
tude control 

5.  A magnetic  unloading  system  for  the 
inertia  wheels 

6.  Gas  jets  for  attitude  control  and  for 
unloading  the  wheels. 

The  spacecraft  communication  system  b 
fiilly  redundant  (fig.  2)  and  consbts  of  two 
wideband  telemetry  transmitters,  two  narrou^ 
band  transmitters,  two  radio  tracking 
beacons,  and  quad-redundant  command 
receivers.  The  wideband  link  b used  primarily 
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S/C  COMMUNICATION 


• WIDCBANO  lINK  - TWO  RCOUNOAM  TX. 

• MODUUTION  - m • FRCOUCNCY  400  HUB  BAHO 

• NOMINAL  PWR -S  WATTS  •TYPED/  m • VIXO  - IHNI 

illGITAc  IPCMIFSKI 
t lOCbRS 
».  SOkOpt 
c.  67 


• NARROWBAND  LINK  - TWO  REDUNDANT  TX. 

• MODULATION  - PCM/S  */PM 

• NOMINAL  PWR  - 1 WATT 
•FREQUENCY  136 MHZ  BAND 

• TYPE  DATA  - DIGITAL  « 1042  |r^s 


Figure  1.  OAO  A-2  configuration  and  performance 
characteristics. 


• BEACONS  - TWO  REDUNDANT  TX. 

• MODULATION  - NONE 

• NOMINAL  PWR.  - lOP  MW 

• FREQUENCY  136  MHZ  BAND 


to  transmit  scientiflc  data  from  data  storage 
at  a rate  of  50,000  bits  per  second,  spacecraft 
data  from  the  tape  recorder  at  67,000  b'ts  per 
second,  and  command-memory  dumps  at 
50,000  bits  per  second.  The  narrowband  link 
is  used  to  transmit  spacecraft  status  data  at 
1042  bits  per  second. 

The  PCM  command  system  operates  at 
1042  bits  per  second  and  uses  two  32-bit 
words  and  their  complements  for  each  com- 
mand. The  complement  command  words  are 
used  by  the  spacecraft  for  error  detection. 
Command  verification  is  provided  to  the 
ground  via  the  narrowband  telemetry  link. 

A total  of  256  commands  with  their 
designated  execution  time  can  be  stored  in 
randomly  addressable  locations  in  the  com- 
mand memory.  These  commands  are  auto- 
matically executed  in  sequence  from  the 
memory  at  the  designated  time.  There  are 
actually  229  different  commands  that  can  be 
sent  to  the  spacecraft.  These  are  categorized 
as:  control  commands  either  to  turn  equip- 
ment on  and  off  or  to  select  modes  of  oper- 
ation; data-handling  commands  to  establish 
the  way  status  data  is  sampled,  stored,  and 
transmitted;  gimbal  angle  commands  to  point 
the  star  trackers;  attitude  commands  to  slew 
the  spacecraft  by  using  the  inertia  wheels; 
address  transfer  commands  to  change  the 
sequence  of  command  memory  execution; 
and  experiment  commands  to  select  the  mode 
and  sequence  of  experiment  operations. 

The  onboard  data-handUng  system  pro- 
vides 264  8-bit  aiudog  words  and  288  bUevd 
bits  of  spacecraft  status  data.  It  also  provides 


• COMAMNOLINK 

• MOOULATIO'i  - PCM/FSK/AV. 

• FREQUENCY  - 148  MHZ  BAND 

• COIHMANC  BIT  RATE  - 1Q4Z HRS 

Figure  2.  FuOy  redundant,  spacecraft  communica- 
tion system. 


30  analog  and  200  bilevel  bits  in  the  experi- 
ment data-handling  equipment.  Spacecraft 
data  and  experiment  data  are  simultaneously 
generated  on  board  the  observatory  at  1042 
bits  per  second.  Both  types  of  data  can  be 
selectively  loaded  in  a core  storage  device  that 
can  store  8192  25-bit  words  with  nondestruc- 
tive readout  rates  of  either  1042  bits  per 
second  or  50,000  bits  per  second.  The  space- 
craft data  are  continuously  recorded  on  a tape 
recorder  having  a 12-hour  capacity.  This 
recorder  plays  back  at  a 64:1  speedup  ratio, 
or  67,000  bits  per  second. 

The  Wisconsin  Experiment  Package  con- 
sists of  seven  telescopes  operating  in  the  ultra- 
violet region.  Four  stellar  photometers,  each 
spanning  1000  angstroms  in  2S0-angstrom 
steps  with  selectable  2-minute  and  10-minute 
apertures,  cover  the  region  from  1000  to 
4000  angstroms  with  considerable  overlap. 
One  scanning  spectrometer  covets  the  spec- 
trum from  1000  to  2000  angstroms  in 
10-angstrom  steps.  Another  scanning  spec- 
trometer covers  fiom  2000  to  4000  angstroms 
in  20angstrom  steps.  A nebular  photometer 
covers  from  1500  to  3800  angstroms  in 
600-angstrom  steps.  Gain,  filter,  and  exposure 
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of  each  instrument  may  be  individually  con- 
trolled along  with  data  sampling  rates  and 
selection  of  digital  or  analog  readouts. 

The  Smithsonian  Experiment  Package 
(Celescope)  consists  of  four  ultraviolet 
cameras  (Uvicons),  each  with  a 2-degree  field- 
of-view  and  operating  at  1200  to  1600  ang- 
stroms, 1300  to  1600  angstroms,  1600  to 
2900  angstroms,  and  2300  to  2900  ang- 
stroms, respectively.  Control  is  provided  for 
exposure  time  and  selection  of  digital  or 
analog  readouts. 

Observatory  Operations 


Tlie  OAO  is  operated  by  pointing  the 
optical  axis  at  a designated  point  in  the  sky, 
conducting  a planned  series  of  observations, 
and  recovering  the  data.  Throughout  this 
process,  the  power  system  of  the  spacecraft 
must  maintain  an  acceptable  state  of  charge, 
and  the  thermal  system  must  maintain  proper 
balance.  Both  of  these  considerations  are 
greatly  aided  by  maintaining  optimum  roll, 
which  means  that  the  spacecraft  is  rolled 
about  the  optical  axis  into  a position  where 
maximum  power  is  received  by  the  fixed  solar 
arrays.  At  this  attitude,  the  sun’s  rays  strike 
the  solar  paddles  at  the  most  direct  angle 
possible  for  the  designated  pointing.  There  is 
an  optimum  roll  that  provides  maximum 
power  for  every  pointing. 

The  actual  angle  of  incidence  of  sunlight 
on  the  solar  arrays  is  measured  in  terms  of  the 
angle  p between  the  minus  optical  axis  and 
the  sunline.  As  shown  in  figure  3,  the  optical 
axis  makes  a 33-degree  angle  with  the  solar 
paddles.  As  0 increases  from  zero  to  57 
degrees,  the  power  increases  to  a maximum. 
From  57  to  90  degrees,  the  power  decreases 
and  would  continue  to  decrease  above  90 
degrees  on  the  side  of  the  paddles  called  the 
”A  side.”  Since  solar  cells  are  located  equally 
on  both  the  A and  B sides  of  the  paddles,  the 
spacecraft  can  be  rotated  180  degrees  about 
the  optical  axis  and  operated  with  the  B side 
exposed.  As  ^ is  increased  from  90  degrees  to 
123  degrees,  power  again  increases  to  a 
maximum.  Above  123  degrees,  the  power 
once  again  begins  to  decrease.  It  should  be 
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noted  that  the  sun  shade  protects  the  experi- 
ment from  direct  solar-light  impingement  for 
0 greater  than  90  degrees  on  the  B side. 
Figure  4 shows  that  any  given  0 angle  repre- 
sents a locus  of  possible  pointings  in  the  sky 
and  that  /3-angle  restrictions  exist  in  accor- 
dance with  corresponding  power  consider- 
ations and  solar  impingement  on  the 
experiment. 

Gimballed  star-tracker  control  is  the 
primary  method  for  slewing  the  spacecraft 

« ANGLE 


0* 


Figure  3.  ActmU  angle  of  incidence  of  sunlight  on 
solar  orniys;  measured  in  terms  of  0 angle  betu/een 
minus  optiad  axis  and  sunline. 


Figure  4.  Celestiel  viewing  boundaries. 
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and  maintaining  pointing.  The  six  star 
trackers  each  have  two  gimbals  (an  inner  one 
and  an  outer  one)  allowing  two  degrees*of- 
freedom  with  ±43  degrees  of  movement  in 
both  axes.  The  trackers  can  be  operated  in 
either  the  command  mode  or  track  mode. 
When  in  the  command  mode,  a tracker  points 
at  its  commanded  angles;  when  in  the  track 
mode,  it  tracks  a star  and  produces  an  error 
signal  for  both  gimbals  by  comparing  the 
actual  angles  to  the  commanded  angles,  which 
are  always  present  in  the  tracker  logic.  The  six 
trackers  produce  12  gimbal-angle  errors,  two 
from  each  tracker,  which  are  resolved  into  six 
error  signals  for  each  of  the  three  spacecraft 
axes:  roll,  pitch,  and  yaw.  These  errors  are 
averaged  and  applied  to  the  inertia  wheels. 
The  spacecraft  can  maintain  its  attitude  as 
long  as  it  has  unobstructed  stars  assigned; 
however,  as  the  spacecraft  revolves  about  the 
eaith,  the  guide  stars  are  occulted  by  the 
earth  (flg.  5).  When  this  happens,  other 
trackers  must  be  assigned.  These  assignments 
are  made  from  the  command  memory  of  the 
spacecraft. 

The  command  memory  is  the  heart  of 
the  spacecraft.  While  all  operations  can  be 
done  in  real-time  from  the  ground,  almost  all 
pointing  and  slewing  are  done  from  memory. 
(The  Wisconsin  Experiment  is  normally  oper- 
ated from  memory.)  The  256-command 
capacity  of  the  memory  is  divided  into  two 
halves,  and  a “ping-pong”  technique  is  used 
for  loading  and  operating  the  memory;  that  is, 
while  one-half  of  the  memory  is  operating, 
the  opportunity  is  taken  to  load  the  other 
half.  Each  half  of  the  memory  that  is  loaded 
has  a “coast-hold”  series  at  the  end  that  will 
maintain  the  spacecraft  in  a safe  attitude  as 
long  as  possible  in  case  the  other  half  of  the 
memory  is  not  loaded  in  time  to  take  over 
operating  from  the  first. 

Also  located  in  the  memory  are  two 
series  of  emergency  commands  that  the  space- 
craft automatically  switches  to  if  the  stellar 
reference  is  lost  or  if  the  batteries  go  into  an 
undervoltage  condition.  The  command 
memory  is  loaded  at  a rate  of  1042  bits  per 
second  and  can  be  dumped  at  50,000  bits  per 
second  for  verification  on  the  ground. 


There  are  certain  constraints  under 
which  the  spacecraft  must  be  operated.  For 
example,  the  trackers  cannot  be  reliably  used 
to  track  stars  within  certain  specified  angles 
of  the  sun,  moon,  and  earth.  Some  trackers 
have  special  restricted  angles  because  of  pos- 
sible reflections  or  obstructions  from  the 
spacecraft  itself.  In  addition,  there  are  restric- 
tions with  respect  to  the  availabili.'y  of  stars 
during  slews.  The  spacecraft  may  be  required 
to  point  to  parts  of  the  sky  where  it  is  impos- 
sible to  maintain  stellar  reference  through  the 
entire  orbit;  when  this  happens,  the  spacecraft 
can  be  held  by  gyro  control.  There  are  also 
constraints  with  respect  to  whether  or  not  the 
experimenter’s  target  is  occulted. 

Operational  constraints  must  be  moni- 
tored to  ensure;  that  the  command  memory 
does  not  overflow,  that  the  time  allotted  for 
specific  operation  is  consistent  with  space- 
craft location  in  orbit,  that  the  flip  circle 
(either  the  A side  or  the  B side  of  the  solar 
array)  is  observed,  and  that  real-time  passes 
are  of  adequate  duration  to  support  the 
operation. 

Basic  Ground-System  Requirements 

The  OAO  operational  philosophy  is  to 
maintain  centralized  control  of  the  mission. 
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Remote  stations  arc  used  to  relay  telemetry 
data  to  Central  Control  and  to  relay  com- 
mands to  the  spacecraft.  The  Central  Control 
Station  is  the  focal  point  of  mission  planning 
and  the  master  facility  for  monitoring  and 
control  of  the  spacecraft. 

The  remote  station  can  command  the 
spacecraft  on  the  basis  of  previously  received 
command  messages  from  Central  Control,  or 
it  can  command  under  the  direction  of 
Central  Control  during  real-time  operations 
when  deviation  from  plans  is  required.  The 
remote  station  records  all  wideband  data. 

Ground-System  Description 

The  OAO  ground  system  consist^  of  five 
remote  STADAN*  stations  and  a central  con- 
trol facility  at  the  Goddard  Space  Flight 


•Space  Tracking  And  Data  Acquisition  Network. 


Center.  Three  of  the  stations— Rosman,  North 
Carolina  (USA),  Quito,  Equador,  and 
Santiago,  Chile-were  selected  to  form  a fence 
through  which  the  OAO  must  pass  each  orbit 
(fig.  6).  The  stations  at  Tananarive,  Mada- 
gascar and  Cariiarvon,  Australia  were  added  to 
provide  additional  real-time  coverage  for 
spac  er  raft  control  and  monitoring,  especially 
for  the  Smithsonian  Experiment,  which 
requires  real-time  operation.  The  five  stations 
provide  approximately  24  12-minute  real  time 
contacts  per  day. 

Figure  7 shows  a simplified  block  dia- 
gram of  the  ground  system.  The  remote 
stations  provide  three  communications  links 
to  the  spacecraft:  (l)a  nanowband  telem- 
etry link,  (2)  a wideband  telemetry  link,  and 
(3)  a command  link.  They  also  perform  the 
necessary  data-handling  and  recording  func- 
tions. Each  station  is  equipped  with  a 
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Figf4re  7.  Simplified  ^stem  block  diagram  fw  OAO. 


computer  to  perform  the  functions  of  com- 
manding the  spacecraft,  controlling  the 
station  data-handl^g  equipment,  and  relaying 
data  to  the  Central  Control  Station.  The 
1 00-kilohcrtz.  and  10*kilohertz  communi- 
cations links  shown  in  figure  10  are  available 
only  to  the  station  at  Rosman,  North 
Carolina.  The  2.4-kdohertz  communications 
link  is  used  to  transmit  narrowband  telemetry 
data  and  remote-computer  “milestone” 
messages  (describing  the  results  of  each  oper- 
ation performed)  to  the  Operations  Control 
Center.  This  link  is  also  used  to  transmit 
instructions  and  commands  from  tne  Oper- 
ations Control  Center  for  execution  by  the 
remote  computer.  Special  communication 
modems  are  provided  to  interiace  the 
1042-bit-peMecond  narrowband  telemetry 
data  with  the  computer  milestones  between 
the  remote  station  and  Central  Control.  By 
using  this  computer-to-computer  interface 
and  real-time  telemetry  transfer,  the  OAO 


monitoring  and  control  is  performed  at  the 
Operations  Control  Center. 

At  the  Rosman  station,  full  advantage  is 
taken  of  the  100-kilohertz  and  the 
10-kilohertz  microwave  communications  links 
available.  All  forms  of  wideband  and  narrow- 
band  data  are  transmitted  to  Central  Control. 
Spacecraft  commands  are  generated  at  Central 
Control  and  are  transmitted  directly  to  the 
spacecraft  via  the  microwave  link. 

There  are  three  OAO  computer  centers 
at  the  Goddard  Space  Flight  Center.  The 
Operations  Control  Center  (figs.  8,  9,  and 
10),  which  performs  the  real-time  control  and 
monitoring  function  and  houses  the  mission 
operations  staff  and  experimenters,  contains 
three  computers,  pulse-code-modulated 
(PCM)  deconunutation  equipment,  14  strip- 
chart  recorders,  a large  spacecraft-status  board 
displaying  375  bilevel  and  90  analog  param- 
eters, 15  display  consoles  for  control  and 
monitoring  of  the  spacecraft,  and  Wisconsin 
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FtgMfe  8.  Central  control  mission-operations  room. 


and  Smithsonian  Experiments  control  and 
display  equipment.  The  Support  Computer 
Center  (fig.  11)  is  a large  digital  computer 
with  cathode-ray-tube  (CRT)  terminals  for 
access  by  the  mission  operations  staff  and 
support  computer  personnel.  The  Data 
Processing  Center  (fig.  12)  consists  of  two 
large  digital  computers,  one  to  provide  in- 
depth  quick-look  and  the  other  to  reduce 
scientific  data. 

Operating  the  Ground  System 

The  OAO  requires  constant  attention 
from  the  ground-based  mission  operations 
staff.  Figure  13  shows  the  major  components 
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Figure  13.  Major  nissiorroperation  components. 

of  the  ground  system  with  their  normal  inter- 
faces. In  this  figure,  as  in  the  real  operations, 
the  mission  operations  staff  and  experimenter 
staff  are  integral  parts  of  the  Operations  Con- 
trol Center.  The  ground-system  operation 
starts  with  the  experimenter’s  plan  of  obser- 
vation. The  plan  is  then  traced  through  the 
support  computer,  the  Operations  Control 
Center,  the  remote  station,  the  OAO,  and 
back  through  data-processing  to  the 
experimenter. 

In  order  to  develop  an  experiment  target 
list,  the  experimenter  uses  spacecraft 
ephemeris  data,  a list  of  available  remote 
stations,  and  the  support  computer  in  an 
iterative  process.  This  process  catalogs  avail- 
able stars,  selects  experiment  operating 
parameters,  and  alerts  the  experimenter  to 
possible  conflicts  with  OAO  operation  restric- 
tions. When  the  experiment  target  list  has 
been  completed,  inputs  are  provided  to  the 
support  computer  by  the  mission  operations 
staff,  which  defines  spacecraft  operations  and 
directs  remote  station  activities.  This  com- 
pletes the  mission  plan  for  one  segment  of 
orbital  operation,  usually  seven  orbits.  The 
support  computer  is  then  run  to  compute  a 
contact-message  tape  that  contain,  a detailed 
schedule  of  activities  for  every  real-time 
contact  in  the  segment,  including  all  com- 
mands to  be  sent.  It  also  contains  the  types  of 
data  to  be  taken  from  the  OAO  and  the 
commands  to  be  loaded  into  command 


memory  to  carry  the  spacecraft  through  its 
next  series  of  operations. 

In  the  process  of  computing  the  contact 
messages,  the  support  computer  formats  every 
command  necessary  to  assign  the  trackers  for 
slewing  to  the  designated  pointings,  to  re- 
assign the  tracker  for  occultations,  to  main- 
tain optimum  roll,  and  to  check  for  all  the 
spacecraft  restrictions  previously  mentioned. 
Printouts  describing  the  contact  messages  are 
provided  by  the  support  computer  in  varying 
levels  of  detail  for  review  and  use  by  different 
mission-operations  elements.  One  of  these 
printouts,  used  by  the  mission  operations 
staff  to  monitor  tiie  performance  of  the 
spacecraft,  is  an  integrated  printout  that  lists 
chronologically  every  event  to  occur  in  the 
spacecraft,  including  ephemeris  events,  real- 
time operations,  and  command  memory 
operations.  After  the  contact  message  has 
been  approved  by  the  support-computer  oper- 
ations personnel,  the  experimenter,  and  the 
mission  operations  staff,  it  is  cleared  for  trans- 
mission to  the  remote  stations. 

Contact  messages  are  transmitted  to  the 
remote  stations  via  the  Operations  Control 
Center;  normally,  this  is  done  a day  in 
advance  of  use.  TTiese  messages  are  validated 
by  both  the  Operations  Control  Center  and 
the  remote  station. 

Activity  for  each  spacecraft  contact 
starts  40  minutes  prior  to  the  estimated  time 
of  arrival  (ETA)  of  the  spacecraft  at  each 
remote  station.  Diagnostic  programs  are  ran 
at  the  station;  the  proper  contact  message  is 
called  in  by  the  remote  station  computer;  and 
the  operational  configuration  of  the  station  is 
established  for  the  satellite.  At  ETA  minus 
20  minutes,  communication  is  established 
between  Central  Control  and  the  remote 
Station.  Central  Control  is  configured  for 
remote  operations,  and  the  prepass  confi- 
dence checks  are  run.  These  are  single-thread 
data-flow  tests,  which  originate  at  the  remote 
station  as  radiofrequency  signals  modulated 
by  OAO  tape-reco^ed  data  and  which  are 
passed  through  the  complete  data  path  from 
the  remote  station  antenna  to  dispky  devices 
at  Central  Control.  When  the  test  is  accom- 
plished, the  radiofrequency  source  at  the 
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remote  station  is  turned  off.and  no  patches  or 
conflguration  changes  are  made  anywhere  in 
the  system  until  the  contact  is  completed. 

At  the  ETA,  the  remote  station  com- 
puter automatically  begins  the  contact  by 
establishing  communications  with  the  space- 
craft. By  commanding  the  spacecraft  and 
controlling  the  station  data-handling  equip- 
ment, the  computer  establishes  a narrowband 
telemetry  link  with  the  spacecraft  and  uses 
this  link  to  verify  all  commands  sent  to  the 
spacecraft.  The  remote  station  computer  then 
proceeds  with  the  schedule  of  activities  as 
directed  by  the  contact  message.  For 
example,  the  schedule  may  be  to  load  the 
command  memory  with  the  commands 
specified  in  the  contact  message,  to  dump 
data  storage,  or  to  change  the  mode  of  various 
spacecraft  systems.  Throughout  the  contact, 
narrowband  data  from  the  spacecraft  are 
passed  directly  to  the  Central  Control  Station 
at  the  Goddard  Space  Flight  Center  (GSFC), 
thus  allowing  the  Operations  Control  Center 
to  display  the  complete  spacecraft  configu- 
ration and  status  for  the  mission  operations 
staff.  The  Data-Processing  Center  may  also 
receive  and  process  these  narrowband  data  to 
provide  near  real-time,  quick-look,  spacecraft- 
performance  information.  The  Data- 
Processing  Center  has  a remote  printer  located 
in  the  Operations  Control  Center,  thus 
allowing  access  to  this  information  by  the 
mission  operations  staff. 

Throughout  the  contact,  the  remote 
station  computer  and  the  Operations  Control 
Center  computer  communicate  via  the 
2400-bit-per-second,  high-speed  datalink.  Via 
this  link,  the  remote  station  sends  milestone 
messages  describing  the  results  of  each  oper- 
ation it  performs.  From  a control  panel  in  the 
Operations  Control  Center  at  GSFC,  the 
mission  operations  staff  can  control  the 
remote  station  computer;  i.e.,  they  can 
change  the  sequence  of  events,  stop  and  start 
the  operation,  add  new  events,  and  send 
command  groups  to  the  spacecraft.  This 
capability  is  used  in  emergencies  or  whenever 
changes  are  made  to  the  mission  plan  after  the 


contact  message  has  been  sent  to  the  remote 
station. 

After  the  contact  is  over,  wideband  data 
taken  during  the  contact  are  played  back  to 
the  Operations  Control  Center  at  a slowed- 
down  rate  for  processing.  The  data  tapes  are 
mailed  to  the  Data-Processing  Center,  where 
they  arc  reduced  and  supplied  to  the 
experimenter. 

Testing  and  Training 

The  system  was  extensively  tested  before 
being  committed  to  operational  status. 
Central  Control  proof  tests  were  run  to  verify 
the  system  perfonnance  in  handling  contact 
messages,  contact  operations,  and  post- 
contact operations.  Remote-station  inte- 
gration tests  were  conducted  with  spacecraft 
equipment  aboard  aircraft  flown  over  the 
stations.  Tests  were  also  made  on  the  high- 
speed communications  links  to  the  remote 
stations. 

Using  the  actual  flight  spacecraft  before 
launch,  tests  were  carried  out  to  ensure  com- 
patibility with  the  ground  system.  Extensive 
records  were  kept  during  all  systems  tests  to 
provide  statistic^  performance  evaluation  as  a 
function  of  time  as  well  as  to  record  every 
anomaly  so  that  possible  problems  could  be 
investigated,  eliminated,  and  monitored  for 
recurrence. 

Mission  training  was  conducted  in  the 
form  of  network  exercises,  mission  simu- 
lations, command-message  generation 
exercises,  and  prelaunch  spacecraft  opera- 
tions. The  network  exercises  included  the 
remote  station  and  the  Operations  Control 
Center.  These  exercises  were  run  with  tape- 
recorded  data  and  used  operational  configu- 
rations and  procedures;  their  purpose  was  to 
train  ground  system  personnel  in  the  setup, 
checkout,  and  use  of  the  ground  system. 
Mission  simulations  were  conducted  to  give 
the  mission  operations  staff  realistic  experi- 
ence in  operating  the  Orbiting  Astronomical 
Observatory,  in  diagnosing  system  faults,  and 
in  instituting  proper  corrective  actions. 
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Apollo  Telescope  Mount  Operatioi..?  and  Data-Handling 

James  M.  Rives 

NASA  George  C.  Marshall  Space  Flight  Center 


Introduction 

The  objectives  of  the  Apollo  Telescope 
Mount  (ATM)  mission  are  to  obtain  precise 
scientific  data  and  information  on  the  char- 
acteristics of  the  sun  through  observations  of 
various  portions  of  its  electromagnetic  spec- 
trum (fig.  1).  The  ATM  is  a module  of  an 
orbital  assembly  (OA),  which  also  includes  a 
lunar  module  (LM),  a command  service 
module  (CSM),  a multiple  docking  adapter 
(MDA),  an  airlock  module  (AM),  and  the 
orbital  workshop  (OWS).  Figure  2 shows  the 
ATM  in  its  cluster  configuration. 

The  ATM  is  physically  integrated  with  a 
lunar  module  that  provides  the  habitation 
area  for  the  crew  and  the  necessary  controls 
and  displays  to  enable  the  crew  to  control  and 
to  operate  the  ATM  systems  and  experiments. 
The  LM/ATM  has  been  designated  the  AAP-4 
of  the  AAP-3/4  missions.*  This  manned  mis- 
sion (fig.  3),  planned  for  56  days  duration, 
begins  with  a manned  command  service 
module  (AAP-3)  liftoff  and  rendezvous  with 
the  orbital  assembly,  which  is  in  an  approxi- 
mately 200-nautical-mile  orbit  altitude  with  a 
35-degree  orbital  inclination.  Following  CSM 
rendezvous  and  docking  with  the  OA  and 
checkout,  AAP-4  with  the  LM/ATM  will  be 
launched  3 to  5 days  after  AAP-3.  After 
insertion  into  orbit  and  separation  from  the 
launch  vehicle,  the  LM/ATM  will  perform  an 
unmanned  automatic  rendezvous  with  the 
orbital  assembly  and  will  dock  with  the 
multiple  docking  adapter  under  remote  con- 
trol by  a crew  member  in  the  MDA.  The  crew 
will  then  activate  the  LM/ATM  and  proceed 


* AAP  “ Apollo  Application  Program. 


with  solar  observations  on  an  open-ended, 
56-day  mission.  Of  the  total  56  mission  days, 
37  days  have  been  set  aside  fui  ATM  experi- 
ment operations  and  19  days  for  other  mis- 
sion activities. 

Because  of  the  complexity  of  the 
LM/ATM,  it  will  require  not  only  many  of  the 
resources  currently  being  used  in  manned 
spaceflight  but  also  additional  resources  and 
advanced  techniques  that  are  being  developed. 
The  crew  will  assume  the  role  of  the  principal 
investigator  in  the  operation  of  all  experi- 
ments and  v'ill  control  the  operations  of  all 
ATM  experiments,  but  they  will  be  com- 
plemented by  some  automation.  The  ground 
network  will  monitor  experiment  operations 
and  will  serve  only  in  advisory  capacity  to  the 
crew  when  required.  In  general,  the  crew  will; 

• Precisely  point  the  solar  instru- 
ments at  selected  targets  of  interest,  such  as 
sunspots,  filaments,  and  flares,  and  will 
increase  the  resolution  as  necessary 

• Make  on-the-spot  decisions  that  will 
enhance  the  quality  and  integrity  of  data 

• Retrieve  the  film  cameras,  which 
contain  high-resolution  photographs,  by  extra 
vehicular  activities  (EVA). 

These  activities  will  also  be  used  to 
evaluate  man’s  ability  to  operate  complex 
scientific  instruments  in  the  space  environ- 
ment. The  results  of  this  evaluation  will  help 
to  determine  man’s  role  in  future  space 
flights. 

The  crew  also  has  the  prime  responsi- 
bility for  the  operation  of  all  ATM  systems; 
however,  unlike  its  role  in  the  experiments, 
ground  operati  ;ns  has  a large  role  by  assum- 
ing control  to  relieve  the  crew  of  repetitious 
tasks  and  the  bookkeeping  type  of  functions 


i 


645 


OPTICAL  TELESCOPE  TECHNOLOGY 


X-RAY 


ULTRAVIOLET  VISIBLE 


INFRARED 


MICROWAVE 


X IN  ANGSTROMS 


S055 


S082A/B 


Figure  L Regions  of  spectrum  of  interest  to  ATM,  including  atmospheric  transmissivity  as  a function 

of  wavelength. 
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p,  as  well  as  assuming  control  when  ground- 
based  computing  facilities  can  be  more  effi- 
ciently  utilized,  when  the  crew  has 
i insufficient  or  hard-to-access  data,  and  when 
'J-  the  crew  is  absent.  The  ATM  consists  of  five 
major  experiments  (fig.  4): 

| > 1.  S052:  White  light  coronagraph 

2.  SO 54:  X-ray  spectrographic 

telescope 

< 3.  SOS  5:  Ultraviolet  spectrometer 

4.  S056:  Dual  x-ray  telescopes 

5.  S082A:  Coronal  extreme  ultra- 
I violet  spectroheliograph 

•X  S082B:  ^romospheric  extreme 

ultraviolet  spectrograph. 

These  experiments  are  supported  by  four 
P major  systems  on  the  ATM: 

I'  1 . Thermal  control  system 

J*-  2.  Pointing  control  system 

3.  Electrical  power  system 

f 4.  Instrumentation  and  communi- 

I cation  system. 


All  these  experiments  and  systems  are 
housed  in  the  ATM  rack  assembly  (fig.  5). 
Physical  access  to  the  experiment  film  can- 
isters by  the  crew  will  be  accomplished  by 
EVA  at  appropriate  times  during  the  mission. 
Crew  control  and  monitor  will  be  accom- 
plished in  the  lunar  module  by  means  of  a 
control  and  display  (C&D)  panel. 

ATM  Experiments 

The  ATM  experiments  are  designed  to 
observe  and  to  record  solar  features  or  regions 
of  interest  by  using  a variety  of  scientific 
instruments  and  recording  devices.  Obser- 
vations are  to  be  made  and  data  obtained  over 
a wide  range  of  energy  wavelengths  in  the 
form  of  both  solar  images  and  solar  spectra. 
The  experiment  operations  will  be  conducted 
so  that  one  experiment  (e.g.,  S055),  relative 
to  the  others,  is  primary  for  crew  activity 
while  another  experiment  (e.g.,  S082A)  may 
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Figure  5.  ATM  cannhter  cut,  showing  electrktd, 
pointing-control,  instrumentation,  and  com- 
munication systems. 


be  active  in  a secondary  mode,  etc.  The 
experiment  observations  and  data  will  be 
recorded  primarily  on  photographic  film  and 
on  magnetic  tape,  which  will  be  transmitted 
to  a ground  station  via  telemetry. 

052  White  Light  Coronagraph 

The  primary  purpose  of  the  S052  experi- 
ment is  to  make  observations  on  the  solar 
corona  to  determine  its  form,  polarization, 
and  brightness  from  l.S  to  6 solar  radii  as  well 
as  correlations  with  sunspot  and  solar  flare 
activity.  The  instrument  used  is  a standard 
Lyot  coronagraph  with  the  three  external 
occulting  disks  modifled  to  allow  precise 
pointing  of  the  experiment.  It  includes  a 
polarization  whcsl  inserted  behind  the 
internal  occulting  disk  and  a system  of  mir- 
rors to  bend  or  “fold"  the  light  path  to  allow 
a more  compact  arrangement  of  the  camera 
and  electronics. 

The  normal  mode  of  operation  requires 
that  the  instrument  be  pointed  at  sun  center. 
If  pointing  becomes  oflsei  ^rotr  am  center  by 
more  than  20  arc  seconds,  the  instrument  will 
stop  taking  pictures.  The  aperture  door  will 
automatically  close  if  the  pointing  error 
exceeds  S arc  minutes.  Exposures  will  be 


made  through  both  polaroid  filters  and 
unpolarized  lens.  When  camera  film  must  be 
replaced,  the  astronaut  will  replace  the  entire 
camera  during  an  EVA,  thus  eliminating  any 
requirement  for  direct  film  handling.  Each 
camera  contains  750  feet  of  35-millimeter 
film,  or  enough  for  7600  frames  of  data;  four 
cameras  are  required  to  provid?.  sut.icient  film 
for  the  duration,  of  the  ATM  mission. 

S054  X-Ray  Spectrograph  Telescope 

The  primary  purpose  of  experiment 
S0S4  is  to  study  solar-flare  emissio"  in  the 
soft  x-ray  wavelengths  between  2 to  8 
angstroms  with  a high  spectral  resolution  of  a 
fraction  of  an  angstrom  and  a spatial  reso- 
lution of  2 arc  seconds.  The  secondary  objec- 
tive is  to  obtain  soft  x-ray  images  of  the  sun 
during  non-flare  conditions.  These  measure- 
ments will  be  correlated  with  ground-based 
observations  and  associated  records  for  the 
purpose  of  constructing  a comprehensive 
picture  of  the  solar-flare  phenomena.  This 
experiment  combines  a grating  with  a grazing- 
incidence  x-ray  telescope  in  order  to  record 
both  an  image  and  a spectrum  of  the  sun  on 
film. 

Tlie  primary  mode  of  operation  of  this 
experiment  is  the  flare  mode,  which  is 
designed  to  maximize  the  probability  of 
obtaining  data  on  the  initial  rise  of  a flare. 
The  astronaut  will  set  the  experiment  controls 
so  that  an  increase  in  x-ray  intensity  above  a 
predetermined  level  vrill  initiate  the  picture- 
taking sequence.  At  the  same  time,  the  proper 
exposure  sequence  will  be  automatically 
selected.  To  obtain  maximum  resolution  in 
the  experiment,  the  astronaut  must  point  the 
x-ray  telescope  within  ±2  arc  minutes  of  the 
flare  region.  A cathode-ray-tube  (CRT) 
display  is  used  to  locate  the  flare;  pointing  of 
the  instrument  is  achieved  by  means  of  the 
pointing  control  system,  which  positions  the 
flare  image  in  the  center  of  the  CRT  display. 

When  a flare  image  is  observed  on  the 
CRT  display,  the  astronaut  wiU  switch  to  the 
threshold  setting  corresponding  to  the 
exposure-count  reading.  With  optimum 
intenrity  of  the  image  on  the  CRT  display. 
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/ the  astronaut  will  then  maneuver  the  space- 
craft  to  center  the  image  on  the  scope  and 
;>v  will  lock  the  spacecraft  in  this  position  until 
^ the  solar  activity  ceases.  All  functions  started 
by  this  solar  flare  will  continue  to  operate 
until  the  intensity  count  produced  by  solar- 
flare  activity  diminishes  below  the  preset 
' : discrimination  level.  The  camera  records  both 

the  dispersed  and  undispersed  x-ray  images  of 
the  sun.  The  film  magazine  in  each  of  the  four 
> cameras  to  be  used  during  the  ATM  mission 
contains  1000  feet  of  70-millimeter  film.  The 
•'  telescope  assembly  also  has  a proportional 
ii  counter,  which  will  provide  a solar-flare 
€ warning  and  a TV  image  to  the  astronaut,  as 
v:  well  as  telemetry  for  the  x-ray  data, 

s* 

S055  Ultraviolet  Spectrometer 

‘p  'Die  purpose  of  experiment  S05S  is  to 

i observe  the  solar  atmosphere  spatially  and 

I spectrally  and  to  obtain  data  in  the  300- to 

i 1334-angstrom  ultraviolet  region.  Atomic 

lines  having  ionization  energies  in  the  range  of 
|f  13.6  to  367  electron  volts  w^  be  observed. 

I Spectroheliograms  constructed  in  these  lines 

^ >it^l  be  used  to  examine  the  temperature 

£ change  across  the  boundaries  between  regions 

^ of  solar  supergranulation.  The  experiment 

k obtains  spectral  data  in  seven  distinct  bands  in 

£ the  300-  to  1334-angstrom  region  and 

K spectroheliograms  of  the  solar  disc  with  a 

S resolution  of  better  than  2 arc  seconds. 

A grating  mount  in  the  spectrometer 
provides  the  capability  of  scanning  the  entire 
wavelength  range  over  the  entrance  slit  of  a 
ringle  detector  and  also  the  capability  of 
i selecting  any  other  wavelengths  for  the  raster 
operation.  In  addition,  the  telescope  is  pro- 
F vided  with  a small  raster  pattern  (Sarc 

§ minutes  by  5 arc  minutes)  to  permit  the 

V reconstruction  of  solar  images.  In  support  of 

9 the  experiment,  a narrow  bandpass  hydrogen- 

i alpha  filter  telescope  is  used  to  provide  vpec- 

f troheliograms  of  the  solar  disc.  Filteigrams  in 

9 hydrogen-alpha  will  be  obtained  at  regular 

I intervals  in  each  orbit  or  more  frequently 

I when  ultraviolet  experiments  are  in  progress. 

I This  hydrogen-alpha  data  will  be  recorded  on 

3S-millimeter  film.  Unlike  the  other  experi- 
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ments,  SOSS  experiment  data  will  be  recorded 
and  provided  to  the  ground  only  by 
telemetry. 

S056  Dual  X-Ray  Telescope 

The  purpose  of  experiment  SOS  6 is  to 
measure  the  intensity  of  solar  flares  with 
spatial  and  temporal  resolution  and  to  obtain 
data  on  the  solar  chromosphere  i.i  the  soft 
x-ray  region  from  2 to  60  angstroms.  Data 
obtained  as  spectrograms  and  spectro- 
heliograms can  be  used  to  verify  models  of 
energy  and  mass  transport  mechanisms 
throu^  the  solar  chromosphere  and  models 
of  solar-flare  initiation  and  development.  This 
experiment  utilizes  two  separate  and  indepen- 
dent instruments  to  obtain  complementary 
data.  One  instrument  is  the  x-ray  event 
analyzer  (X-REA),  which  provides  spectral 
data  (intensity  versus  wavelength)  in  two 
adjacent  channels,  divided  further  into 
10  wavelength  bands  from  2 to  20  angstroms, 
using  proportional  counters  and  pulse-height 
analyzers.  The  other  instrument  is  an  x-ray 
telescope  (X-RT)  employing  grazing4ncidence 
optics  to  provide  spatial  data  in  the  form  of 
x-ray  flltergrams  (solar  images  of  narrow 
wavelength  intervals)  in  six  bandwidths  from 
4 to  60  angstroms.  The  solar  images  fonned 
by  the  camera  system  are  recorded  on  ultra- 
violet sensitive  fUm  while  the  data  from  the 
proportional  counters  are  displayed  in  the 
lunar  module  or  to  the  ground  via  telemetry. 
The  flilm  canister  for  the  camera  contains 
1000  feet  of  film;  there  are  four  canisters  for 
the  ATM  mission. 

S082A  Coronal  XUV  Spectroheliograph 

The  purpose  of  this  experiment  is  to 
obtain  hi^-rcoolution,  extreme  ultraviolet 
(XUV)  images  of  short  time  variations  in  the 
solar  atmosphere  and  to  collect  spectra  data 
on  solar  centers  of  activity  with  emphasis  on 
solar  flares.  The  instrument  has  a diffraction 
grating  of  3600  lines  per  millimeter  that 
receives  light  directly  from  the  sun  and  fonns 
a spectrum  of  solar  images  on  film  in  wave- 
lengths between  1 50  and  650  angstroms. 
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The  astronaut  will  detect  the  initiation 
of  a flare  by  monitoring  images  of  the  sun  in 
different  wavelengths  on  a scope.  The  “active 
prominences”  are  observed  by  hydrogen-alpha 
telescopes  on  the  ground  and  observation 
information  relayed  to  the  astronaut  by  voice 
communications  from  the  ground.  The 
normal  operation  for  the  instrument  is  in  the 
sun-centered  mode.  It  may  also  be  operated 
when  pointing  if  offset  to  record  data  on  a 
specific  feature.  The  resolution  is  approxi- 
mately 5 arc  seconds,  depending  on  wave- 
length, and  the  field-of-view  is  45  arc  minutes. 
Each  of  the  four  cameras  for  the  ATM 
mission  contains  200  filmstrips  with  one 
exposure  per  strip  (each  25  millimeters  by 
258  millimeters). 

S082B  Chromospheric  Extreme  Ultraviolet 
Spectrograph 

The  S082B  extreme  ultraviolet  spectro- 
graph instrument  will  be  used  to  record 
photographically  ultraviolet  spectra  of  the  sun 
in  the  spectral  range  of  970  to  3940  ang- 
stroms and  to  provide  video  pictures  of  the 
solar  image  in  a band  of  approximately  1 70  to 
550  angstroms.  The  solar  radiation  will  be 
obtained  from  various  small  areas  on  the  solar 
disk  and  at  diflerent  levels  across  the  limb. 
The  instnimeni  employs  a normal  incidence 
spectrograph  using  a 2-meter-radius,  6(X)-line- 
pe^mil)imeter  grating.  This  grating  will  focus 
the  dispersed  light  on  the  filmstrip  in  the 
camera.  An  extreme  ultraviolet  monitor  will 
assist  the  astronaut  in  deciding  which  extreme 
ultraviolet  emitting  regions  of  the  sun  should 
be  photographed.  The  observations  of  both 
the  spectrograph  and  the  extreme  ultraviolet 
monitor  will  cover  periods  of  greater  or  lesser 
activity  during  two  rotations  of  the  sun  and 
will  record  temporal  changes  of  centers  of 
activity  and  flares. 

The  instrument  is  normally  offset- 
pointed  to  a precise  feature  of  interest  and 
can  be  manually  operated  in  either  of  its  two 
operating  modes.  The  field-of-view  witli  this 
instrument  is  3 arc  seconds  by  60  arc  seconds 
with  a resolution  of  approximately  2 arc 
seconds.  Each  of  the  four  cameras  for  the 
ATM  mission  has  200  filmstrips  (35  milli- 


meters by  25j^mi>Mnlei:ers)  for  1600  expo- 
sures. Thefb'*will  be  approximately  1600  feet 
of  35-minimeter  filmstrips  from  the  S082A 
and  S082B  experiments. 

ATM  Systems 

The  ATM  solar  experiments  mounted  in 
an  experiment  canister  are  supported  by  five 
primary  ATM  systems:  thermal  control,  elec- 
trical power,  pointing  control,  instrumen- 
tation and  communications,  and  the  LM/ ATM 
control  and  display  panel. 

Thermal  Control 

The  thermal  control  system  (TCS)  pro- 
vides a controlled  thermal  environment  for 
the  ATM  experiment  canister.  The  fluid, 
80-percent  methanol  and  20-percent  water  by 
wei^t,  circulates  through  cold  plates  on  the 
canister  wall.  A heater  and  radiator  provide 
thermal  conditioning  of  the  fluid  and 
maintain  a constant  fluid  temperature  at  the 
cold-plate  inlets.  The  thermal  control  systems 
are  designed  to  maintain  an  acceptable 
thermal  environment  for  the  experiment 
optics  and  electronics  as  well  as  for  support- 
systems  equipment.  Systems  components  are 
mounted  on  racks  that  surround  and  struc- 
turally support  the  canister.  The  experiments 
are  mounted  on  a cruciform  spar  that  is 
attached  to  and  enclosed  by  the  canister. 

The  canister  walls  are  maintained  at 
essentially  constant  temperature  to  prevent 
misalignment  of  the  optics  by  deflections  of 
the  spar  resulting  from  thennal  stresses  and  to 
ensure  that  the  electronics  components  do 
not  overheat.  A senvipassive  thermal  system  is 
used  to  control  radiation  heat  transfer 
between  the  rack-mounted  components  and 
their  surroundings.  Thermostatically  con- 
troOed  heaters  are  provided  to  prevent  critical 
components  from  becoming  excessively  cold 
during  inoperative  periods  on  night  portions 
of  the  mission. 

Electrical  Power 

The  ATM  electrical  power  system  (EPS) 
conditions,  stores,  controls,  and  distributes 
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26.0-  to  30.0-volt  DC  pow6r  to  the  ATM 
system  and  experiment  loads  as  well  as  power 
to  the  lunar  module.  In  normal  orbital  oper- 
ation, power  is  provided  by  a solar  array  and 
rechargeable  nickel-cadmium  (Ni-Cd)  bat- 
teries. The  power  system  for  the  airlock 
module  provides  a source  of  power  during 
contingency  operation.  The  solar  array  is 
configured  to  supply  an  average  power  output 
at  the  beginning  of  operational  life  of  10,480 
watts.  The  solar  cells  will  convert  solar  energy 
to  electrical  power,  which  is  used  to  satisfy 
the  load  requirement  and  to  recliarge  the 
batteries.  There  are  18  solar  panels  mounted 
in  a four-wing  array  and  18  charger-battery- 
regulator  modules  (CBRM).  The  output  of 
each  solar  panel  is  connected  directly  to  a 
single  CBRM  to  form  one  of  18  separate 
power-generation  units.  Between  launch  and 
solar  panel  deployment,  the  nickel-cadmium 
battery  will  supply  power  to  the  loads. 

Initially,  the  solar  anay  is  stowed  in  a 
folded  position  and  is  mechanically  cinched 
to  a backup  structure  on  the  ATM.  After 
deployment,  the  cluster  will  be  oriented  by 
the  pointing-control  system  so  that  the  array 
is  held  normal  to  the  sun  during  the  orbital 
day.  Deployment  will  be  performed,  after 
lunar  module  docking  is  completed,  by 
utilizing  a system  of  redundant  electro- 
explosive devices  controlled  from  the  ATM 
control  and  display  panel.  Actuation  of  the 
solar-array  unlock  switches  will  fure  pyro- 
technic initiators  to  release  the  four  wings 
from  their  restrainers.  Actuation  of  the  solar- 
array  deploy  switches  will  cause  electro- 
mechanical actuators  to  extend  hinged  scissor 
arms  to  deploy  the  folded  panels.  Telemetry 
signals  are  provided  to  indicate  that  each  wing 
has  been  deployed  and  locked. 

Pointing  Control 

The  ATM  pointing  control  system  (PCS) 
provides  three-axis  stabilization  and  attitude 
control  of  the  cluster  and  permits  line- 
pointing  and  stabilization  of  the  experiment 
canister.  The  PCS  operations  assure  stable 
orbital-assembly  orientations  for  experimental 
tasks.  The  flight  crew  has  systems  manage- 


ment responsibility  while  ground  personnel 
conduct  status  and  performance  evaluatio’ns 
based  upon  telemetered  data.  These  ground 
operations  require  capabilities  for  detecting 
failure  effects  or  degradation  in  system  per- 
formance that  could  compromise  mission 
objectives  and  for  advising  the  crew  on  their 
utilization  of  given  equipment  redundancies 
and/or  backup  modes. 

In  the  context  of  these  requirements,  the 
PCS  telemetry  becomes  highly  important 
whenever  off-nominal  status  changes  occur. 
Very  few  ground-commanded  PCS  functions 
are  planned  at  the  present  time.  Maximum 
reliance  is  on  highly  automatic,  crew- 
supervised,  programmed,  digital-computer 
control.  Computer  and  timer  updatings  are 
mission-critical  transmissions  from  ground  to 
orbit.  There  are  two  major  PCS  subsystems; 
control  moment  gyros  (CMC)  and  experiment 
pointing  control  (EPC). 

Instrumentation  and  Communications 


The  instrumentation  and  communi- 
cations (I&C)  system  provides  four  functions 
(fig.  6): 

1.  Collection  and  processing  of  ATM 
systems  and  experiment  data 

2.  Transmission  of  these  data  to 
ground  station 

3.  Execution  of  ATM  ground 
commands 

4.  Experiment  support  for  the  astro- 
nauts via  closed-circuit  television. 

The  I&C  system  in  the  ATM  includes  the 
telemetry  suteystem,  the  radiofrequency 
conunand  subsystem,  and  the  television  sul> 
system.  The  purpose  of  the  aTM  telemetry 
system  is  to  transmit  to  the  ground  the  data 
generated  aboard  the  ATM  and  some  parts  of 
the  lunar  module  and  orbital  assembly.  These 
data  include  results  and  measurements  made 
to  monitor  the  status  and  performance  of 
ATM  systems  and  experiments.' 
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CSM  - COMMAND  SERVICE  MODULE 


MDA -- MULTIPLE  DOCKING  ADAPTER  FM  - FREQUENCY  MOOUi  ATION  V - VOICE 

AM -AIRLOCK  MODULE  PM- PULSED  MODULATION  D-OATA 

OWS  - ORBITAL  WORKSHOP  USB  - UNIFIED  S BAND  C-COMMAND 

LM  - LUNAR  MODULE  UHF  - ULTRA  HIGH  FREQUENCY  T - TRACKING 

ATM- APOLI.O  TELESCOPE  MOUNT  VHF  - VERY  HIGH  FREQUENCY  T\' - TELEVISION 


Figure  6.  Module/MSFN  communicatiom  interface. 


The  purpose  of  the  radiofrequency 
command  system  is  to  provide  the  ground 
with  control  over  various  spacecraft  systems. 
During  any  manned  mission,  the  crew  provide 
the  primary  source  of  control;  however,  some 
of  their  control  functions  are  made  available 
to  the  ground  when  the  ground  can  usefully 
assist  the  flight  crew  in  one  of  four  generd 
areas:  crew  safety,  data  downlink  manage- 
ment, routine  or  repetitive  and  tuue- 
consuming  tasks,  and  commands  required 
when  the  crew  a:re  dispersed  throughout  the 
orbital  assembly  and  are  not  available  to 
execute  such  commands.  The  msjority  of 
ground  commands  are  used  for  switching^n 
or  switching^ff  functions  and  for  updating 
the  ATM  computers. 

The  principal  function  of  the  television 
system  is  to  act  as  a viewflnder  for  the  astro- 


nauts. Using  the  television  system  in  conjunc* 
tion  with  t’ e two  hydrogen -alpha 
experiments  and  the  S082  experiment,  the 
crew  can  select  the  areas  of  the  sun  at  which 
they  want  to  aim  the  ATM  e.rperiment  can- 
ister, and  they  can  monitor  the  pointing  of 
the  canister. 

The  ATM  telemetry  system  conrists  of 
two  PCM/FM-FM*  links,  each  having  capa- 
bility of  72,OOC  bits  per  second  of  data.  The 
real-time  output  (from  the  PCS/DDAS*)  is 
72,000  bits  per  second.  This  is  a non-retum- 
to-zero  output  tl:at  can  modulate  either  of 
the  two  very  high  frequency  (VHF)  trans- 
mitters and  that  can  be  transmitted  to  the 

*PCM/FM-FMHPiiltt  (^Ode  Modulation/Frequency 
Modulatioa-Frequeiiqr  ModulatioM.  FCS.TMDAS* 
Pulse  Code  Shift/Digital  Data  Acquitition  Systm. 
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ground  station.  The  delayed  time  output  is 
generated  by  the  auxiliary  storage  and  play- 
back (ASAP)  assembly  and  is  a 72,000-bit- 
per-second  biphase  signal  that  can  also 
modulate  either  of  the  VHP  transmitters.  (See 
fig.  7.)  The  ASAP  assembly  records  100 
words  out  of  each  PCM/DDAS*  master  frame. 
It  is  preprogrammed  with  the  addresses  for 
400  words,  which  it  selects  out  of  four 
consecutive  PCM/DDAS  master  frames.  An 
ASAP  master  frame  consists  of  6000  words 
during  which  every  measurement  (including 
those  from  experimental  submultiplexers)  is 
sampled  at  least  once.  The  data  is  recorded  at 
4000  bits  per  second.  In  the  playback  mode, 
the  tape  recorder  plays  the  data  back  at  18 
times  the  record  speed  (72,000  bits  per 
second).  Since  the  maximum  recording  lime  is 
90  minutes  and  the  tape  moves  in  the  same 
direction  for  both  the  record  and  playback 
modes,  the  playback  time  is  S minutes  and  is 
independent  of  the  amount  of  data  recorded. 

LMIATM  Control  and  Display  Panel 

In  conjunction  with  the  above  experi- 
ments and  systems,  the  control  and  display 
(C&D)  panel  located  in  the  lunar  module 
(fig.  8)  provides  the  crew  with  controlling  and 
monitoring  devices  (control,  switches,  meters, 
TV  monitors,  etc.)  as  a means  of  commanding 
and  monitoring  the  ATM  experiments 
systems.  The  layout  of  some  of  the  main 
controls  on  this  panel  includes: 

1.  Experiment  grouping  is  on  the  left 

side. 

2.  Pointing-control-system  grouping  is 
on  the  right  side. 

3.  Caution  and  warning  are  at  upper 
center. 

4.  Power  control  is  at  lower  right. 

5.  ATM  systems  are  in  the  center. 

6.  The  bottom  panel  provides  the 
x-ray  activity-history  plotter,  digital  data 
address  system,  TV  monitors,  and  displays  for 
the  x-ray  spectroheliograph  experiment. 


*PCM/DDA^PuIse  Code  Modulation/Digital  Data 
Acquisition  System. 
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A.  Operational  Characteristics  of  Recording  System 

1.  It  will  record  onboard  4000  bits  per  second 
of  scientific  and  housekeeping  data  for  90 
minutes. 

2.  It  will  play  data  back  to  ground  site  at  18:1 
ratio  for  S mini  tes. 

3.  Onboard  recording  is  interrupted  during 
playback. 

4.  Two  telemetry  downlinks  provide  real-time 
data  transmission  simultaneous  with  tape 
playback. 

B.  Ground  is  prime  In  operation  of  tape  recorder, 
including  time- lining  and  control.  Crew  provides 
backup  in  contingencies. 

C.  Ground  retrieval  of  all  pertinent  scientific  data 
will  be  insured  by: 

1.  Selected  deletion  of  recording  during  some 
nighttime  passes  with  all  daylight  passes 
recorded 

2.  Use  of  backup  recorder  to  complement 
prime  when  possible  loss  of  valuable  mission 
and/or  scientific  data  is  evidenced. 

D.  Ground  site  selection  for  data  dump  will  be 
influenced  by: 

1.  Reel-tirr*e  activities 

2.  Radiofrequency  predictions 

3.  Ground  station  operations  |i.e.,  station 
manning) 

4.  Data  continuity 

5.  Data  flow,  processing,  and  handling. 


Figure  7.  Considerations  for  tape  recorder  oper- 
ation. 
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Figure  8.  Control  and  display  panel  located  in  lu- 
nar module. 


Ground  Operations  and  Data-Handling 

In  support  of  the  ATM  experiments,  it  is 
planned  to  have  ground  operations  accom- 
plish the  following  functions: 

• Verify  the  status  of  experiment 
operation  by  analyzing  telemetry  parameters. 

• Perform  real-time  flight  planning  as 
a function  of  mission  solar  activity  being 
observed. 

• Predict  solar-activity  periods,  and 
advise  astronaut  on  observations. 

• Assist  astronaut  in  film  manage- 
ment by  monitoring  film  utilization  and  by 
correlating  this  with  predicted  solar  activity 
and  experiment  planning. 

• Perform  experiment  trend  analysis 
based  upon  available  telemetry  data. 

These  functions  will  be  performed 
primarily  by  operations  personnel  located  at 
the  mission  control  center  (MCC)  in  Houston, 
Texas.  The  principal  investigator,  or  his 
representative,  will  also  be  located  at  the  mis- 
sion control  center,  and,  during  the  times 
when  his  experiment  is  being  exercised,  he 
will  be  located  in  the  mission-operations  con- 


trol center  in  the  MCC  and  will  be  actively 
participating  in  the  real-time  operations.  At 
all  other  times,  an  experiment  room  will  be 
provided  for  the  principal  investigator  so  that 
he  can  make  detailed  analysis  of  his  scientific 
data  and  can  provide  recommendations  perti- 
nent to  the  experiment  operations.  In  addi- 
tion to  the  primary  manned  space-flight 
network  (MSFN)  and  the  mission  control 
center,  the  Environmental  Science  Services 
Administration  (ESSA)  solar  observatories 
will  be  linked  to  the  mission  control  center 
and  will  provide  the  principal  investigator 
with  solar-flare  prediction  data. 

To  perform  these  functions,  crew-voice, 
telemetry,  and  ground-based  solar-observatory 
data  will  be  utilized.  Telemetry  data  can  be 
either  real-time  (transmitted  as  occurring)  or 
continuously  recorded  and  played  back  over 
an  MSFN  station.  The  total  bit  stream  of  data 
is  recorded  at  the  remote  site,  and  the  hard 
copy  is  later  shipped  back  to  the  processing 
center  (fig.  9).  TTiat  portion  of  the  total  bit 
stream  needed  to  perform  operations  function 
is  called  “flight  control  data.”  Flight  control 
data  are  those  data  which  undergo  some  form 
of  processing,  other  than  direct  recording  at  a 
remote-site  ground  station,  and  which  are  sent 
to  the  mission  control  center  during  the  con- 
duct of  the  mission  to  influence  the  progress 
of  the  mission.  There  are  three  foims  of  flight 
control  data; 

1.  Real-Time  Data:  selected  data 
received,  processed,  relayed,  and  displayed 
during  ground  station  contact 

2.  Delayed  Real-Time  Data:  selected 
data  received  during  ground-station  contact, 
and  processed,  relayed,  and  displayed 
between  station  contacts 

3.  Hard  Copy  Data:  data  recorded  at 
the  sites  on  tape,  and  the  tape  expedited  back 
to  the  mission  control  center. 

Real-time  data  are  always  transmitted  to 
the  control  center  during  the  appropriate 
mission  phase  for  a gross  assessment  of  the 
experiments.  Delayed  real-time  data  are  trans- 
mitted only  as  required  for  trend  or  contin- 
gency analysis.  The  various  types  of  mission 
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data  for  scientific  evaluation  consist  princi- 
pally of  recoverable  experiment  data  (film 
and  voice  recordings)  returned  with  the  space- 
craft and  the  telemetry  data  recorded  at  each 
ground  site. 

ATM  data  returned  with  the  spacecraft 
consist  primarily  of  special  film  canisters 
containing  exposed  experiment  film  taken 
during  the  mission.  It  is  anticipated  that 
approximately  16,600  feet  of  experiment  film 
will  be  exposed  during  the  56-day  mission. 
The  film  to  be  returned  with  the  spacecraft 
requires  special  storage  compartments  within 
the  spacecraft  and  also,  upon  recovery  at  sea, 
special  handling  and  storage  on  the  recovery 
vessel.  The  film  will  be  expedited  to  each 
principal  investigator  (as  soon  as  practical)  for 


his  use  in  detailed  scientific  analyses.  Nor- 
mally, film  processing  will  remain  the  respon- 
sibility of  each  principal  investigator. 

The  real-time  data  received  at  each 
ground  site  in  support  of  operations,  along 
with  the  auxiliary-storage-and-playback  tape 
recorder  data,  are  recorded  simultaneously  on 
magnetic  tape  and  used  for  post-pass  playback 
in  support  of  operations.  They  are  also 
sliipped  (in  a timely  manner)  to  the  proces- 
sing center  to  be  used  in  post-event  and  post- 
mission system  and  experiment  scientific 
evaluations.  If  estimated  on  the  basis  of  a 
fixed  inclination  and  orbit,  a substantial 
amount  of  recorded  data  would  result  from 
ground-site  acquisition  utilizing  the  entire 
MSFN.  The  volume  of  magnetic  tape  will  be 
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greatly  reduced,  however,  through  the  appli- 
cation of  such  current  state-of-the-art 
recording  techniques  as  reduced  recording 
speeds,  recording  of  multipasses  on  a tape, 
and  the  like. 

The  amount  of  data  reduction  and 
processing  anticipated  for  this  volume  of 
ground-recorded  data  will  be  directly  influ- 
enced by  the  information  and  data  actually 
obtained  by  MSFN  station  coverage  and  the 
problems  actually  experienced  during  the  real- 
time and  near  real-time  operations  activities. 
Such  activities  as  astronaut  time-lines,  day 
and  night  cycles,  “on”  and  “off’  modes  for 
experiments,  and  ground-site  acquisition  and 
loss  times  will  greatly  enhance  the  post- 
mission data-handling  and  management  of 
data  received  from  all  ground  sites  (fig.  10). 
Minimum  utilization  of  mobile  support  is 
planned. 

The  extent  of  data-processing  back  at 
the  “home  plant”  consists  primarily  of 
utilizing  ground  stations  (analog-to-digital 


converters,  computers,  etc.)  for  converting 
analog  telemetry  information  into  basically 
digital  or  computer-compatible  data  (fig.  11). 
Tlie  processing  center  will  digitize  and  strip  all 
the  data  measurements  and  will  output  the 
data  in  various  forms;  e.g.,  binary  computer- 
compatible  tapes,  oscillograms,  and  strip 
charts.  These  data  may  be  furnished  to  data 
users  in  this  “raw”  form;  however,  the  bulk  of 
the  data  will  require  further  data  reduction 
and  processing.  Through  computer  utilization, 
calibration  information  will  be  applied  to  the 
“raw”  telemetry  information,  and  the  data 
may  be  output  in  engineeiing  values.  Various 
processing  techrJques  may  be  applied  to  the 
data  at  this  point,  such  as  limit-sensing,  data 
analysis,  data  correlation,  and  the  like.  The 
basic  data  outputs  as  a result  of  data  reduc- 
tion and  processing  will  be  primarily  in  the 
form  of  binary  tapes,  microfilm,  and  print- 
outs. Various  data  reduction  techniques  will 
be  applied  to  reduce  the  total  quantity  of 
these  data. 


Figure  10.  Manned  space-ftt^t  network  (MSFN). 


Figure  11.  Standard  telemetryi>rocessed  data  outputs. 
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Ground-Based  Astronomical  Optica!  Data-Handling 

Edwin  W.  Dennison 
California  Institute  of  Technology 


I 

I Perhaps  the  most  helpful  contribution 

I that  those  working  with  ground-based  ast^^c 
nomical  instrumentation  can  make  is  to 
indicate  what  has  been  done,  what  is  now 
f;  planned,  and  what  is  the  nature  of  the  basic 
f concepts  that  are  behind  the  instrumentation 
I designs.  Hopefully,  this  will  lead  to  two 

F further  steps.  First,  with  the  help  of  those 

^ involved  in  space  instrumentation,  the 
ground-based  techniques  can  be  modified  to 
; make  space  astronomy  and  ground-based 
astronomy  so  similar  that  most  astronomers 
will  be  able  to  use  either  with  equal  dexterity. 
i Second,  some  of  the  astronomical  observing 

(concepts  that  have  been  found  practical  for 
ground-based  stations  may  give  some  clue  as 
to  the  general  character  of  instruments  for  a 
space  station. 

% 

Existing  Instruments 

I At  the  present  time,  approximately  one- 

half  of  all  astronomical  observations  made  at 
the  Mt.  Wilson  and  Palomar  Observatories  are 
made  photographically.  Of  these,  approxi- 
! mately  90  percent  are  spectra,  and  1 0 percent 
are  direct  photographs  of  the  astronomical 
objects.  Some  of  the  photographic  observa- 
‘ tions  are  made  with  the  help  of  image 
* intensifier  tubes,  which  reduce  the  exposure 
I time  substantially.  The  principal  reasons  for 
using  the  photographic  materials  are:  (1)  they 
are  readily  available  and  easy  to  lun^e,  and 
(2)  most  of  the  optical  instrumentation  has 
1 been  designed  to  accommodate  photographic 
^ materials  easily.  Perhaps  the  most  important 
advantage  is  that  a photographic  plate  is  able 
I to  integrate  over  an  enormous  number  of 
I independent  picture  elements,  and,  if  care- 


fully handled,  the  total  number  of  discemable 
photometric  levels  is  also  very  high.  It  is 
unlikely  that  astronomers  would  continue  to 
use  photographic  materials  if  other  techniques 
were  equally  effective. 

The  remaining  half  of  the  astronomical 
observations  are  made  by  using  photoelectric 
detectors  of  one  kind  or  another.  By  far  the 
vast  majority  of  these  are  photomultipliers. 
At  the  Mt.  Wilson  and  Palomar  Observatories, 
ah  of  the  photomultiplier  photometers  used 
for  nighttime  astronomy  are  used  in  a pulse- 
counting mode.  For  the  solar  magnetograph 
observations,  photomultipliers  are  used  in  an 
analog  mode  because  they  are  not  strictly 
involved  in  photometry  but  are  used  as  com- 
parison devices.  Pulse-counting  photometers 
have  proved  to  be  simpler  to  operate,  able  to 
handle  a much  larger  dynamic  range  than  DC 
measurements,  and  appear  to  be  far  more 
stable  than  DC  photometric  methods.  These 
pulse-counting  systems  have  a time  resolution 
of  approximately  27  nanoseconds.  Digital 
data  systems  are  used  in  conjunction  with 
these  photometers.  In  these  data  systems,  a 
certain  amount  of  “housekeeping”  informa- 
tion is  recorded;  i.e.,  telescope  coordinates, 
tin.e  of  day,  the  name  of  the  object,  etc.  Also 
recorded  are  the  observational  data,  which 
consist  of  the  total  number  of  puhe  counts 
accumulated  in  electronic  counters,  the  time 
of  counting,  and,  in  the  case  of  scanning 
photometers,  the  position  of  the  grating. 
These  data  are  both  recorded  and  presented 
to  the  observer  in  the  form  of  Nixie  tube 
displays. 

The  recording  is  generally  done  in  two 
modes:  the  first  is  a printed  paper  tape,  and 
the  second  is  either  summary  punch  cards  or 
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'*  magnetic  tape.  The  printed  paper  tape  serves 
two  purposes:  first,  to  operate  as  a redundant 
recording  medium,  and  second,  to  enable  the 
observer  to  refer  back  to  data  that  he  has 
gathered  earlier  the  same  night.  These 
numbers  are  also  useful  in  checking  the 
stability  of  the  equipment  because  the 
observer  can  estimate  the  square  root  of  the 
total  number  of  counts  he  has  accumulated 
and  therefore  can  calculate  the  standard 
deviation.  In  general,  if  the  observational 
values  fall  within  one  or  two  standard  devia* 
tions,  the  system  is  working  well;  if  the 
successive  values  fall  outside  of  this  range, 
there  is  an  indicatio*'  of  instability,  variable 
sky  conditions,  etc. 

In  some  parts  . the  data  systems, 
mechanical  action  is  coiiirolled  from  the  data 
system  itself.  An  example  of  this  is  the  Coude' 
spectrophotometric  scanner.  In  this  case, 
there  are  two  photomultipliers,  one  moni- 
toring the  continuum  and  the  other  behind  a 
movable  slit  that  scans  through  a particular 
spectral  line  in  the  object  being  observed.  In 
the  normal  mode  of  operation,  the  scanning 
slit  is  set  at  one  edge  of  the  spectral  line,  and 
a preset  number  of  counts  from  the  contin- 
uum monitor  is  accumulated  in  the  counting 
channel.  At  this  time,  the  scanning  slit 
advances  one  step,  and  the  continuum 
monitor  again  collects  data  until  the  preset 
number  has  been  reached.  In  this  way,  the 
numbers  in  the  scanning  channel  are  normal- 
ized by  the  continuum,  and  variations  in  sky 
transparency  seeing  and  the  like  are  removed. 
It  is  also  possible  to  operate  the  system  in  the 
reciprocal  mode,  in  which  the  counts  in  the 
scanning  channel  always  reach  a preset 
number,  and  the  monitor  records  a number 
that  is  proportional  to  the  reciprocal  of  the 
intensity  in  the  scanning  channel.  In  this  case, 
all  observational  points  have  equal  accuracy. 
This  is  a mode  of  operation  that  uses  the 
observing  time  most  efficiently. 

Other  more  sophisticated  instruments 
have  also  been  constructed,  such  as  a compact 
spectrum  scanner  that  rides  on  the  telescope 
and  a 32-channel  photomultiplier  spectro- 
photometer. These,  however,  are  simply 


extensions  of  the  general  techniques  pre- 
viously described. 

Future  Instruments 

Many  new  instruments  are  either  being 
constructed  or  are  being  planned  for  future 
construction.  For  photographic  observations, 
it  would  appear  that  the  use  of  the  new 
image-analysis  techniques,  which  have  been  so 
successfully  employed  by  the  Jet  Propulsion 
Laboratory  (JPL)  and  others,  could  result  in  a 
great  improvement  in  the  amount  of  data 
recoverable  from  photographic  materials.  In 
order  to  accomplish  this  goal,  however, 
improved  microphotometers  must  be  con- 
structed; and  the  resources  for  the  software 
programming  must  be  available.  This  type  of 
project  is  certain  to  be  successful  because 
there  are  few,  if  any,  state-of-the-art  tech- 
nological advances  that  must  be  made. 

In  the  area  of  digital  data  systems,  the 
plans  for  current  and  future  projects  include 
the  use  of  small  computers  as  central 
processing  units  for  the  entire  data  system 
and  telescope  control.  The  most  compelling 
reason  for  going  to  these  computers  is  that, 
by  introducing  new  software  techniques  and 
programs,  it  is  possible  to  reconfigure  a data 
system  for  any  new  observational  problem.  It 
is  also  possible  to  add  new  pieces  of 
peripheral  equipment  that  can  be  used  for 
new  observing  functions.  These  new 
peripheral  devices  may  have  a very  complex 
relation  to  the  other  peripheral  devices,  but 
this  relationship  can  be  handled  by  software 
programming  without  requiring  a complete, 
new,  hardware  configuration.  It  is  also 
possible  to  keep  the  operator  controls 
extremely  simple  by  using  computers. 
Cathode-ray-tube  displays  will  be  used  for 
both  alpha-numeric  data  gathered  by  the  data 
system  and  graphical  displays  of  either  the 
raw  or  the  interpreted  data.  These  new  sys- 
tems will  use  a computer  character  generator, 
which  has  a composite  video  output  and, 
therefore,  can  be  used  to  feed  many  simple 
television  monitors  at  a number  of  locations 
around  the  telescope.  Magnetic  tape  recording 
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- will  be  used  almost  exclusively  except  for 
i those  cases  where  the  data  rate  is  so  slow  that 
'!  punched  cards  are  more  desirable. 

In  the  immediate  future,  some  on-Une 
} calculations  will  be  done.  For  example,  calcu- 
lations  will  be  made  of  the  standard  deviation 
for  photometric  measurements  as  the 
measurements  are  being  made,  thereby 
enabling  the  observer  to  immediately  deter- 
mine the  accuracy  of  his  dal  a.  In  the  future, 
more  sophisticated  on-line  calculations  will  be 
possible.  Perhaps  someday  the  point  will  be 
* reached  at  which  the  final  reduced  data  ca* 

I be  presented  to  the  observer  essentially  at  ih 
I time  of  observation.  Finally,  the  central 
: processing  units  will  be  used  for  telescope 

’ control  in  the  following  ways:  (l)they  wiU 

calculate  the  coordinates  and  control  the  tele- 
scope for  accurate  settings;  (2)  they  will 
generate  control  signals  for  raster  scans,  which 
f will  enable  the  entire  telescope  to  scan  across 
i an  extended  object;  and  (3)  they  will  be  used 
» to  control  scanning  spectrophotometers. 

An  additional  device  that  is  on  the 
future  horizon  for  astronomy  is,  essentially, 
the  equivalent  of  a two-dimensional  array  of 
photomultipliers,  all  acting  in  a pulse- 
counting mode,  v/ith  the  output  data  stored 
in  a computer  memory.  From  the  point  of 
view  of  practical  memory  sizes  and  computer 
access  time,  the  entire  project  appears  feasi- 
ble; however,  photometric  two-dimensional 
detectors  are  not  yet  able  to  record  single 
photon  events  nor  even  to  have  an  accumu- 
lated sig.ial-to-noise  ratio  that  would  be 
characteristic  of  a system  in  which  no  noise 
was  introduced  after  the  photocathode.  Such 
a device  would  be  very  important  to  astron- 
omy because  of  its  potential  speed  gain, 
because  of  improved  linearity  in  both  the 
linear  coordinates  and  the  photometric 
coordinate,  and  also  because  the  output 
would  be  directly  in  a computer-compatible 
medium  This  would  facilitate  computer 
image  analysis  and  processing.  The  entire 
future  of  both  ground-based  and  space  astron- 


omy may  depend  upon  the  development  of 
such  a device. 

The  need  for  a two-dimensional,  pulse- 
counting photometer  is  obvious,  but  it  is  also 
true  that  for  measurement  of  spectra  it  would 
be  desirable  to  develop  a one-dimensional, 
pulse-counting  v hoioineter  having  an  array  of 
detectors  in  a single  hne.  In  order  to  be 
practical,  such  an  array  should  have  at  least 
1 ,000  to  10,r00  independent  elements. 

Over  the  last  several  years,  experiments 
have  been  performed  at  the  Mt.  Wilson  and 
Palomar  Observatories  to  determine  the  effec- 
tiver-  •:$  of  good  human  engineering.  The 
results  have  fully  demonstrated  that,  when  an 
mstiame  ' .1  its  controls  are  observer- 

orientea,  tne  effectiveness  of  the  instrument 
is  greatly  increased.  The  loss  of  effectiveness 
comes  from  equipment  malfunction  resulting 
from  operator  errors  or  the  introduction  of 
systematic  errors.  This  does  not  mean  that  it 
is  always  necessary  to  have  a skilled  operator 
in  addition  to  the  observer  but  rather  that,  if 
some  care  is  given  to  the  control  design,  it  is 
possible  to  have  a fully  effective,  observe^ 
operated  instrument. 

When  designing  instruments,  it  is  often 
productive  to  consider  the  factors  that  will 
make  the  best  use  of  the  observer’s  talents. 
For  example,  it  the  observer  needs  to  know 
the  ratio  of  two  numbers,  he  can  more 
quickly  interpret  his  data  if  he  is  given  the 
ratio  rather  than  the  two  observed  numbers. 
When  the  observer  is  able  to  interpret  his 
data,  he  is  able  to  intelligently  change  his 
observing  equipment  to  test  a new  idea  or 
“hunch.”  There  are,  of  course,  times  when  a 
series  of  observations  must  be  made  under 
identi.ai  conditions,  but  even  then  the 
observer  can  be  assisted  by  having  his  data 
presented  to  him  in  a meaningful  way  so  that 
he  can  perform  self-consistency  checks  on  the 
data.  These  concepts  are  not  new,  but  they 
have  rot  yet  been  fully  utilized  in  ground- 
based  astronomy. 
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System  Aspects  of  the  Kitt  Peak  Automatic  Telescope 


Peter  R.  Vokac  and  Frank  E.  Stuart 
Kitt  Peak  National  Observatory 


Preliminary  Description 

The  remotely  controlled  automated  tele- 
scope at  Kitt  Pe^  National  Observatory  was 
conceived  in  1961  as  a general-purpose, 
computer-controlled  system  capable  of  auto- 
matically executing  a predetermined  program 
of  astronomical  observations,  carrying  out 
some  on-line  data  reduction,  and  tabulating 
the  results  in  suitable  format.  The  50-inch 
aluminum  telescope  is  located  on  Kitt  Peak, 
and  the  Raytheon  250  computer  with  all  its 
input  and  output  equipment  is  in  Tucson, 
Arizona,  50  miles  away.  These  two  parts  of 
the  system  are  joined  by  commercial  tele- 
phone lines  (four  wires  in  a Bell  System 
“Telpak  A”)  attached  to  digital-signal- 
conditioning hardware  at  both  ends  (built  by 
Astrodata,  Inc.,  of  Anaheim,  California). 

In  automatic  mode,  the  operation  of  the 
telescope  and  all  associated  equipment  is 
under  the  control  of  the  computer,  which  re- 
ceives its  instructions  either  from  a previously 
prepared  paper  tape  or  from  an  operator  who 
may  enter  control  information  at  the  control 
center  in  Tucson.  In  addition  to  automatic 
control  from  Tucson,  the  telescope  and  in- 
strumentation can  be  operated  manually  from 
the  telescope  dome  in  the  conventional  man- 
ner whenever  desired. 

The  automated  telescope  system  pre- 
sents different  aspects  to  the  user,  the  de- 
signer, and  the  builder.  This  paper  will 
concentrate  primarily  on  the  point  of  view  o.' 
the  designer,  who  might  describe  the  system 
in  the  following  way.  The  automated  te!e- 
scope  is  an  active  interface  between  an  ob- 
server and  the  night  sky.  It  is  an  automatic 
information  generator  made  up  of  three  inti- 


mately related  components:  (1)  optical- 
mechanical  hardware,  (2)  electronic  hardware, 
and  (3)  logical  software.  It  is  a complex  sys- 
tem that  contains  in  the  computer  memory  all 
the  information  needed  to  accomplish  a wide 
variety  of  tasks  with  the  simplest  possible 
operator  input. 

In  addition  to  interna)  inform.'  'on 
stored  in  the  computer  memory  and  genera- 
ted in  commands  and  monitors,  there  is  exter- 
nal information  that  flows  :nto  the  system 
from  both  ends.  From  the  sky  comes  data  and 
weather  information;  from  the  operator 
comes  control  information. 

System  Design  Philosophy 

The  system  was  designed  to  enable  the 
automated  telescope  to  perform  most  of  the 
tasks  of  an  ordinary  astronomical  telescope.  It 
acquires  point  sources  of  light  to  a given 
precision;  it  operates  data-acquisition  instru- 
mentation; and  it  takes  protective  action  in 
the  event  of  potentially  harmful  contin- 
gencies. Automatic  control  of  this  system  is 
faster  than  manual  control  by  an  approximate 
overall  factor  of  10  because  the  manual 
observer  does  not  have  access  to  much  of  the 
precise,  real-time,  monitored  information 
available  to  the  computer. 

Communications  System  Description 

The  digital  communication  system  is 
based  upon  a one-second  “frame”  time.  It 
enables  the  telescope  to  fill  six  32-bit  sliift 
registen,  to  transmit  tlieir  contents  twice  each 
frame,  and  to  strobe  and  to  transmit  the  con- 
tents of  30  1 1-bit  analog-to-digital  channels  to 


661 


OPTICAL  TELESCOPE  TECHNOLOGY 


^the  computer  once  each  frame.  There  are 
15  32-bit  storage  registers  at  the  telescope 
that  are  filled  sequentially  once  each  frame  by 
a 32-bit  shift  register  accepting  serial  com- 
mand bits  from  the  computer. 

The  input  to  the  computer  arrives  seri- 
ally from  the  data  link  and  is  fed  into  a 22-bit 
shift  register,  which,  when  full,  is  dumped 
into  a 22-bit  storage  register  that  can  be 
parallel-acce.ssed  by  the  high-speed  (24-micro- 
second)  input/output  buffer  of  the  computer. 
Output  from  the  computer  is  parallel  through 
the  high-speed  input/output  buffer  to  a 22-bit 
output  storage  register,  parallel  to  a 22-bit 
output  shift  register,  and  serial  into  the  data 
link.  Because  the  computer  has  no  “inter- 
rupt” capability,  protection  against  loss  of 
data-scrvicing  sync  is  accomplished  through 
“overflow”  flip-flops,  on  both  input  and 
output,  available  as  flags  to  the  computer. 

The  serial  output-data  rate  from  the 
computer  to  the  mountain  is  511  bits  per 
second.  The  serial  input-data  rate  to  the  com- 
puter from  the  mountain  is  1024  bits  per 
second.  Each  input  and  output  frame  requires 
one  parity  bit,  20  “phase  select”  bits,  and  an 
11-bit  “Barker  Word”  for  frame  sync.  The 
input  frame  contains  714  data  bits  and  278 
unused  bits;  the  output  frame  contains  480 
data  bits  (fig.  1). 


the  22-bit  input  and  output  registers  in  the 
communication  system  at  the  computer 
terminal.  They  require  servicing  by  the 
computer  so  that  their  serial  stream  of  out- 
going and  incoming  data  remains  unbroken. 
The  22-bit  storage  register  plus  the  22-bit 
shift  register  at  1024  bits  per  second  allow 
time  blocks,  between  servicing,  of  approx- 
imately 44  milliseconds. 

This  time  must  .^e  reduced  by  four 
computer  machine  cy  two  cycles  to  allow 
for  lack  of  sync  between  the  data  cycle  and 
the  computer  cycle  and  two  cycles  to  allow 
the  computer  the  time  necessary  to  carry  out 
all  the  housekeeping  functions  servicing  the 
on-line  input/output  devices.  Under  these 
timing  restrictions,  the  frame  was  broken  up 
into  23  blocks  of  computer  time,  each  block 
being  32  milliseconds  long.  Since  the  opti- 
mized “word  time”  of  the  computer  is  24 
microseconds,  there  were  up  to  1,500  opera- 
tions possible  during  each  block;  and  there 
were  up  to  34,500  operations  possible  for  the 
on-line  software  during  a one-second  frame. 
(Only  6,000  on-line  operations  were  needed  to 
operate  the  system.  Another  2,000  might 
have  been  added  for  on-line  data  reduction.) 
The  two  computer  machine  cycles  involved  in 
data  sync  were  salvaged  for  on-line  output  to 
an  asynchronous  high-speed  punch  (fig.  2). 


System  Timing 

The  system  software  must  be  compatible 
with  hardware  timing  restrictions.  The  com- 
munications system  is  serial;  therefore,  the 
data  can  be  distinguished  only  by  its  position 
in  a frame.  Because  any  given  information  bit 
can  be  received  only  once  each  frame,  all  real- 
time control  must  ^ow  for  one-second  incre- 
ments in  both  commands  and  monitors. 

During  the  frame,  there  are  two  shorter 
cycles  that  restrict  the  software.  One  of  these 
short  cycles  is  in  the  computer  itself.  The 
Raytheon  250  computer  is  a serial  machine 
with  magnetostrictive  delay4ine  memory  and 
registers.  Its  memory-line  cycle  time  is  3 
milliseconds;  hence,  interrupts  are  not  feasi- 
ble. The  other  short  cycle  is  determined  by 


Computer  Interrupts 

The  Raytheon  250  computer  is  a serial 
machine  without  interrupts;  however,  even  if 
a computer  with  interrupt  capability  were 
used,  there  would  be  little  advantage  in  se^ 
vicing  a serial  data  link.  Experience  in  the 
system  indicates  that  interrupts  would  be 
advantageous  only  with  parallel  data  links  and 
only  when  a well-defined  hierarchy  of  priori- 
ties can  be  assigned. 

Computer  limitations 

Computer  speed  was  not  a limitation  in 
this  system.  The  primary  computer  limitation 
was  memory  capacity.  The  total  of  9,000 
22-bit  words  imposed  a restrictiori.  against  any 
major  on-line  data  reduction.  There  are  about 
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1,500  words  occupied  by  essentially  off-line 
debugging  and  hardware  testing  programs  that 
could  be  put  on  tape  outside  the  computer 
during  on-line  operation.  If  this  were  done, 
however,  any  on-line  program  filling  those 
positions  could  not  be  software  debugged; 
and  any  marginal  systenvhardware  failure 
could  not  be  checked  without  writing  over 
part  of  the  control  program.  This  experience 
indicates  that  any  modem  computer  used  to 
control  a system  of  this  complexity  should 
have  a fast,  multiheaded,  peripheral  disk 
memory  to  relieve  its  core  of  dl  programs  and 
data  not  on  immediate  on-line  call. 

One  other  important  limitation  of  the 
Raytheon  250  computer  was  the  requirement 
that  all  the  software  be  written  in  machine 
language.  Tliis  was  necessary  (1)  because  the 
system  is  primarily  logical  instead  of  arith- 
metic, (2)  because  the  programs  must  be 
optimized  for  speed  (a  time  factor  of  1 28  is 
involved),  and  (3)  because  the  memory  capac- 
ity is  srf.all.  This  language  limitation  meant 
that  the  final,  complete,  software  system 
required  two  years  for  an  experienced  pro- 
grammer to  design  and  write,  A system  of 
equivalent  complexity  might  be  written  for  a 
modem  core  machine  with  a good  assembly 
language  in  only  about  8 man-months  of  time. 

Data  Lirik  Limitations 

Although  the  one-second  serial  data 
frame  reqiiires  some  delay,  received  data  or 
transmitted  commands  need  not  be  delayed  a 
full  second.  All  information  in  this  system  can 
be  n»re  current  if  the  data  and  the  com- 
mands arc  scheduled  properly  in  the  frame  so 
that  receipt,  computer  response,  and  trans- 
mission follow  sequentially.  The  layout  of 
useful  bits  in  this  frame  imposes  the  following 
minimum  delays;  64-millisccond  data 
generation/receipt,  44-millisocond  computer 
respv.nse,  32-millisecond  command  trans- 
mission^actuation-resulting  in  minimum 
delay  time  of  140  milliseconds. 

Be'ause  the  mechanical  subsystems  of 
the  automi  ted  telescope  are  relatively  slow, 
the.  comir.^mtcation  delay  is  not  a sigraficant 


problem.  A major  problem,  however,  is  posed 
by  the  fact  that  a full  second  must  elapse 
between  any  given  “data-response-command” 
sequence.  The  motor  drives  and  the  data 
acquisition  are  continuous  mode  devices,  but 
they  must  be  controlled  through  an  incre- 
mental data  liiik.  In  most  cases,  it  is  possible 
to  stop  a device  short  of  the  target  or  short  of 
saturation.  The  solution  for  these  cases  is  to 
read  “on  the  fly,”  to  extrapolate  differences, 
and  to  make  the  “stop”  decision  that  comes 
closes^  to  the  goal.  The  cases  requiring  pre- 
cision target  acquisition  are  solved  by  either 
deliberate  sacrifice  of  time  (as  in  the  photo- 
electric finder)  or  by  buffering  through  digital 
counter-registers  that  store  a binary  number 
of  “steps”  and  cause  a drive  motor  to  turn 
until  the  number  is  counted  down  to  zero  by 
pulses  from  an  incremental  shaft  encoder. 

Targ.  t Acquisition 

Ihe  computer  can  point  the  telescope  to 
a desired  star  by  commanding  it  to  a position 
where  the  telesc^'pe  coordinates,  as  measured 
by  the  16-bit  right  ascension  and  declination 
shaft  encoders,  are  equal  to  the  tabulated 
coordinates  of  the  star.  However,  the  residual 
uncertainty  in  the  position  of  the  stellar 
image,  due  to  telescope  flexure,  encoder- 
telescope  misalignment,  least-significant-bit 
quantization  error  of  the  encoders,  and  side- 
real clock  error,  is  too  large  for  most  pur- 
poses. It  is  therefore  necessary  to  provide  a 
photoelectric  star  finder  to  enable  the  system 
to  position  the  image  more  accurately.  This 
instrument  is  called  a “finder,”  ratlier  than  a 
“guider,”  because  it  does  not  control  the 
position  of  the  image  during  observation. 
Instead,  the  entire  telescope  beam  is  diverted 
first  to  the  finder,  wiiich  suppli  s the  com- 
puter with  image-position  information  for 
ainjng  the  telescope.  When  this  has  been 
accomplished,  the  full  telescope  beam  is 
allowed  to  enter  the  observing  instrument. 
During  the  observation,  the  sidereal  drive  of 
the  telescope  maintains  the  image  in  its 
proper  position. . (Aioe  observations  made  with 
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the  automatic  telescope  are  of  relatively  short 
duration,  there  is  no  present  need  to  provide  a 
beam-splitting  device  to  permit  closed-loop 
guiding  of  the  telescope  during  an  obser- 
vation. 

Finder  Outputs 

The  finder  has  two  analog  outputs, 
which  vary  linearly  with  the  rectilinear  com- 
ponents of  the  displacement  of  the  target  star 
from  the  center  of  the  finder  field.  These 
error  voltages  vary  between  zero  and  5 volts, 
with  on-target  (or  null)  values  of  2.5  volts; 
this  range  is  dictated  by  the  O-to-5-volt  input 
range  of  the  analog-to-digital  converter  in  the 
^stem.  For  a moving  image,  the  output  volt- 
ages do  not  vary  smoothly;  instead,  they  are 
updated  every  two  seconds  and  held  until 
updated  again,  resulting  in  stepwise  changes  in 
these  error  voltages. 

In  addition  to  position  information,  the 
finder  can  indicate  the  approximate  target 
brightness  (magnitude),  the  image  size  (focus 
or  seeing  quality),  and  whether  or  not  there  is 
a strong  enough  star  in  the  field  to  make  the 
position  signals  valid. 

The  finder  has  two  field  sizes,  5 arc 
minutes  and  30  arc  seconds.  The  field  size  to 
be  used  in  any  given  situation  is  determined 
by  the  requirements  that  the  target  star  be  in 
the  field  and  that  all  background  stars  in  the 
field  be  somewhat  fainter  than  0.3  magnitude 
beneath  the  target  star. 

Open-Loop  Offset 

A further  option  is  target  acquisition  in 
the  “open-loop  offset”  mode.  Since  the  incre- 
mental shaft  encoders  are  located  on  the 
main-drive  worm  gear,  it  is  possible  to  find  a 
bright  star  by  using  the  absolute  16-bii  en- 
coders and  the  finder  and  then  to  oft-  <st  to  a 
target  whose  brightness  is  beneath  the  threshr 
old  of  the  fi-nder  (12th  magnitud'^).  the  reach 
of  this  open-loop  mode  is  limited  to  about  a 
3-degree  range  from  the  bright  star;  the  data 
acquisition  time  is  limited  by  the  accuracy  of 
the  sidereal' drive  to  about  one  minute.  To 
date,  there  has  been  very  little  operational 
experience  with  this  mode. 


Philosophy  of  System  Software 

The  design  philosophy  for  the  software 
developed  into  the  simple  principle  that  no 
operational  lim  ition  in  the  system  should  be 
due  to  software.  This  requires  that  the  system 
must  be  strictly  hardware-limited,  both  within 
any  given  mode  and  among  any  new  modes. 

Two  ideas,  primarily,  make  this  possible; 
modular  software  and  macrocemmands. 
Vertically,  the  software  is  a multilayered 
structure  of  subroutines.  Horizontally,  each 
major-subsystem  control  program  is  separate, 
removable,  or  modifiable,  independent  of  the 
others.  Each  of  these  major  programs  is 
designed  to  be  small  in  size  by  making 
maximum  use  of  common  subroutines.  The 
macrocommand  is  a simple,  practical  input 
technique  with  a very  hi^  information 
content. 

General  Description  of  System  Software 

There  are  five  basic  types  of  operator 
commands: 

1 . Transfer  program  control. 

2.  Set  up  parameters. 

3.  Set  up  labels. 

4.  Set  up  control  sequence  (macro- 
command). 

5.  Initial  on-line  operation. 

All  of  these  operator  commands  have  an 
identical  three-part  format:  first,  an  alpha- 
betical character  to  define  the  class  of  the 
command;  second,  a set  of  numerical  char- 
acters to  define  elements  within  the  class  (this 
set  is  empty  in  some  classes);  third,  a carriage 
return  code  (c/r),  which  is  the  “GO”  signal 
enabling  the  command.  This  format  is  simple, 
versatile,  and  tolerant  of  operator  error. 

Examples  of  System  Software 

The  most  versatile  operator  command  is 
the  Primary  Control  Sequence,  it  is  a macro- 
command that  provides  the  operator  with  cus- 
tomized  input  for  his  specific  control 
problem.  The  macroconunand  is  a sequence 
of  from  zero  to  ten  elements.  Each  element 
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calls  a command  routine  controlling  a single, 
major,  hardware  subsystem.  The  elements  are 
sequential  in  time;  that  is,  they  do  not  usually 
operate  concurrently  in  the  system.  Since 
there  may  be  as  many  as  ten  different  ele- 
ments each  in  as  many  as  ten  different  posi- 
tions in  the  macrocommand  sequence,  the 
operator  has  the  option  of  10*  ° different 
control  modes. 

From  the  operator’s  point  of  view,  the 
Primary  Control  Sequence  macrocommand 
requires  three  to  twelve  characters  chosen 
from  a brief  table  of  element  descriptions. 

One  subsystem  complex  enough  to  re- 
quire control  by  its  own  macrocommand  is 
the  photoelectric  finder. 

Any  data  acquisition  instrumentation 
involving  a complex  time  sequence  would  also 
requir,;  a macrocommand.  The  UBV  photom- 
eter, however,  is  adequately  controUed  by  a 
nine-digit  parameter  setup  wherein  each 
clement,  distinguished  by  its  position  in  the 
command,  sets  a specific  parameter  level.  The 
photometer  has  two  dichroic  filters  dividing 
the  light  into  three  phototubes,  each  feeding 
an  operational  amplifier  connected  as  an 
integrator.  The  gain  setting  of  each  integrator 
depends  upon  which  one  of  its  four  capacitors 
is  enabled.  Output  voltage  from  each  inte- 
grator is  accessible  to  the  computer  through 
an  analog-to-digital  converter  channel.  An 
integrator  is  said  be  filled  when  its  output 
voltage  is  just  under  the  saturation  level  of  its 
1 1-bit  analog-to-digital  channel. 

vOr-line  computer  control  of  this  instru- 
ment creates  two  particularly  useful  features. 
Tlie  computer  is  able  to  determine  the  proper 
gain  setting  for  each  of  the  three  colors, 
independently,  in  only  four  seconds  time.  The 
computer  is  also  able  to  monitor  each  of  the 
three  integration  rates  and  to  keep  a running 
absolute  sum  of  the  second  differences,  which 
indicates  a measure  of  the  quality  of  the 
observation. 

Each  of  the  three  colors  has  a selection 
of  four  gain  settings  that  span  an  intensity 
••ange  of  10^ . The  operator  commands  a maxi- 
mum integration  time;  then,  if  he  dues  not 
want  to  select  each  gain  setting  himself,  he 
can  conunand  the  computer  to  determine  the 
proper  gain  for  each  of  the  three  colors  ac- 


cording to  one  of  these  two  criteria:  (l)to 
guarantee  that  the  integrators  will  be  filled 
within  the  specified  maximum  time  or  (2)  to 
guarantee  that  the  integrations  wdll  continue 
throughout  the  specified  maximum  time.  The 
first  criterion  is  usually  chosen  for  bright 
stars;  the  second  is  chosen  for  faint  stars.  The 
computer,  watching  the  integration,  stops  any 
integrator  just  before  saturation  is  reached. 

The  absolute  sum  of  the  second  differen- 
ces read  during  a truly  linear  integration 
should  be  zero  except  for  least-significant  bit 
errors.  Any  deviation  from  this  low  level  can 
indicate  spotty  thin  clouds,  marginal  integra- 
tors, or  a number  of  other  phenomena  that 
result  in  poor  quality  observations. 

(See  figs.  3 and  4.) 

S)rstem  Reliability 

At  first,  the  Raytheon  250  computer 
was  the  least  reliable  part  of  the  systeri.  Later 
experience,  however,  demonstrated  that  an 
adequate  solution  to  this  reliability  problem  is 
to  have  an  imaginative,  competent,  on-site 
technician  and  a set  of  good  test  routines. 
After  the  first  year,  preventive  maintenance 
techniques  reduced  computer  downtime  to  a 
level  equivalent  to  that  of  the  other  hardware. 

From  the  very  beginning,  the  Astrodata 
communications  system  has  proved  to  be  the 
most  reliable  part  of  the  system.  It  was  con- 
servatively designed,  and  it  has  contributed  an  > 
insignificant  percentage  to  the  downtime  over 
a span  of  nearly  7 years.  On  the  other  hand, 
the  telephone  lines  have  proved  to  be  sensitive 
to  bad  weather,  which  causes  mostly  spike 
noise. 

Most  “bugs”  appeared  in  the  electro- 
mechanical subsystems,  especially  those 
exposed  to  environmental  extremes  in  the 
dome.  These  bugs  are  generally  caused  by 
initial  design,  corrosion,  or  wear  and  fatigue. 

The  large  number  of  monitors  accessible 
by  the  computer  has  contributed  much  to 
reduction  of  system  downtime.  These  moni- 
tors are  checked  on-line  by  the  computer  for 
mar^al  or  incipient  failure;  nearly  a hundred 
detailed  typewriter  messages  are  available  to 
the  computer  for  alerting  the  operator.  (See 
figs.  S,  6,  and  7.) 
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RCTS  23 

MAIN  CONTROL  SEQUENCE  INPUT  COMMAND 
Prefix  character:  ”s" 

Elements:  from  zero  to  ten  decimal  digits,  each  representing  a control  mode  in  a sequence. 

Final  character:  "c/r" 

CONTROL  MODE  CODES 

0:  System  goes  to  STANDBY  and  remains  there  until  manually  returned. 

1 : TELESCOPE  and  DOME  are  directed  toward  target  coordinates  using  shaft  encoders  only. 

2:  Mark  II  FINDER  sequence  is  begun. 

3:  UBV  PHOTOMETER  is  operated  as  previously  setup. 

4:  An  OPEN  LOOP  OFFSET  is  effected,  in  magnitude  equal  to  an  amount  previously  commanded. 

5:  A DELAY  COUNTER  counts  down  to  zero  from  some  previously  set  value,  holding  the  system  in  stasis 
until  the  countdown  is  completed. 

6:  TELESCOPE  Is  directed  toward  target  coordinates;  DOME  is  held  in  stasis. 

7:  DOME/SHUTTER/WINDSCREEN  is  directed  toward  target  coordinates;  TELESCOPE  is  held  in  stasis. 
8:  PASSIVE  WATCH  monitors  and  D/S/W  inhibited  NO  STBY  & NO  TEL  DRIVE. 

9:  Unused  code 


Figure  3.  Mam-control-sequence  input  command  and  control  mode  codes  for  remotely  controlled  telescope 

system  (RCTS). 


RCT25C 

PHOTOMETER  INPUT  COMMAND 

PRELIMINARY  CHARACTER  i:  FIXED  GAINS  or  I:  AUTO  GAINS 

(requires  2 or  4 
extra  seconds) 

FIRST  DIGIT:  OUTPUT  FORMAT 

0«  LONG  FORMAT  ALL 

1 - SHORT  FORMAT  ALL 

2 - LONG  FORMAT  PUNCH  & SHORT  FORMAT  TYPEWRITER 


r 
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SECOND  DIGIT:  OUTPUT  DEVICE 

0=  NO  OUTPUT  (TEST) 

1 = FLEX  TYPEWRITER 

2 = FLEX  PUNCH  W/CH  8 PARITY 
4 = HSP  OFFLINE  W/CH  8 PARITY 


THIRD  DIGIT:  APERTURE  SIZE 

0° SMALL 
1 ° LARGE 


MOST  SIGNIFICANT  DECIMAL  DIGIT  MAX  TIME  IN  SECONDS 

DECIMAL  DIGIT  OF  INTEGRATION 

LEAST  SIGNIFICANT  DECIMAL  DIGIT  (LIMIT  511  secs  or 

8'A  mins) 

SEVENTH  DIGIT:  (FIXED  GAIN)  U GAIN 

1 = SET  TO  #1  LARGEST  CAPACITOR  (brightest  stars) 

2 = SETTO#2 

3 = SET  TO  1/3 

4 = SET  TO  SMALLEST  CAPACITOR  (faintest  stars) 


(AUTO  GAIN) 

1 * Tmax  priority  (T  * Tmax)  (1/10  Vmax<V<Vmax) 
0 “ Vmax  priority  (V  = Vmax)  (1/10  Tmax<T<Tmax) 


EIGHT  DIGIT:  B GAIN  (do  not  use  after  I ) 

NINTH  DIGIT:  V GAIN  (do  not  use  after  I) 

FINAL  CHARACTER:  c/r  signifies  that  the  previous  consecutive  7 or  9 

digits  are  correct 


NOTE:  Vmax  Is  set  off-line  through  the  OUP  by  Inserting  BVU  Qa  i into 

(180/171  (6V  - 3777  BVU). 


FOURTH  DIGIT: 
FIFTH  DIGIT: 
SIXTH  DIGIT: 


5 = FLEX  TYPEWRITER  & HSP 
3 = FLEX  TYPEWRITERS! 

FLEX  PUNCH 

6 = FLEX  PUNCH  Si  HSP 

7 = FLEX  TYPEWRITER  St 

PUNCH  St  HSP 


4.  JHtotometer  input  conmand  for  remotidy  controlled  teleacope  (RCTl. 
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Dome  Command  Field 

Telescope  Command  Field 

± Dome  Az  SLEW 

±RA:  FAST  SLEW  3°/sec  i 

INCH 

SLOW  SLEW  307sec  ' 

COARSE  DOR  lOO'Vsec 

FINE  DDR  5"/sec 

SHUTTER  UP 

± DEC:  FAST 

DOWN 

SLOW 

COARSE 

FINE 

WINDSCREEN  UP 

FOCUS;  IN 

DOW. 

OUT 

STOW 

TRACK 

STOW 

SECONDARY  Ml  RROR  COVER : OPEN 

CLOSE 

Dome  Monitor  Field 

Telescope  Monitor  FMd 

Domb  Azimuth  Encoder,  10  bit  Gray 

R.  A.  Shaft  Angle  Encoder, 
(16-bit  Gray  Code  120  arc  sec) 

Shutter  Altitude,  0-5  volt  pot, 

DEC  Shaft  Angle  Encoder, 

11  bit  A/D 

(16-bit  Gray  Code  ±20  arc  sec) 

Windscreen  Altitude,  0-5  volt 

Photoelectric  Finder  Large  Field, 

pot,  1 1 bit  A/D 

±4  arc  sec 

Observing  Platform,  Parked  or  Not 

Photoelectric  Finder  Small  Field, 

Parked 

±1  arc  sec 

System  Manual  or  Auto 

Focus  error,  minimum-^od  focus 

Emergency  Stop 

RA  Drive  Status  & Limit  Switches 

Weather:  Rain 

DEC  Drive  Status  & Limit  Switches 

Dew 

Snow 

DEC  Dri  Status  & L^mit  Switches 

Wind 

Daylight 

Photoelectric  Finder  Status 

M ”or  Temperature,  0-5  volt,  1 1 

Secondary  Mirror  Cover,  open  or 

bit  A/D 

not  open 

All  Power  Supplies,  ok  or  not  ok 

Digital  Drive  Registers,  empty 
or  not  empty 

System,  stowed  or  not  stowed 

Figure  5.  RCT  dome  command  and  monitor  fields:  telescope  command  and  monitor  fields. 
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UBV  Photometer  Command  Field 
Start  Integration:  START  UBV 


FOURTEEN  AURI6AE  AUTOMATEO/MANUAL 
PHOTOMETRY  COMPARISON 


U Gain  Setting: 


B Gain  Setting: 


V Gain  Setting: 


STOPU 

STOPS 

STOPV 

#1- 

10‘ 

#2- 

10* 

m- 

10* 

m- 

10* 

#1- 

10' 

#2- 

10* 

#3- 

10* 

m- 

10* 

#1- 

10' 

#2- 

10* 

#3- 

10* 

m- 

10* 

Gain  Factors 


Gain  Factors 
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Fig^re  7.  Automatedimanual  photometry  comparison 
of  14  aurigae,  (Courtesy  of  Kitt  Peak  National 
Observatory,) 
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UB  V Photometer  Monitor  Field  is  one-to-one 
with  the  UBV  Command  Field,  delayed  by  one 
data  frame  time  (1  second). 


Figure  5.  UBV  photometer  command  and  monitor 
fields  for  RCTS. 


Considerations  for  Digital  Image-Processing 


F.  C.  Billingsley 

California  Institute  of  Technology 


Introduction 

In  recent  years  the  ability  to  process 
images  to  emphasize  details,  to  sharpen  the 
picture,  to  modify  the  tonal  range,  to  aid 
picture  interpretation,  to  remove  anomalies, 
and  to  detect  differences  between  pictures  has 
evoked  interest.  This  paper  is  a discussion  of 
the  kinds  of  processing  that  can  be  accom- 
plished, a discussion  of  some  of  the  parameter 
boundaries  and  limitations,  and  a discussion 
of  some  of  the  system  techniques  that  have 
proven  helpful  at  the  Jet  Propulsion  Labora- 
tory (JPL). 

The  two  prime  contenders  for  image- 
processing  are  digital  processing  and  coherent 
light  processing  (ref.  1 ).  In  general,  it  can  be 
stated  that  the  main  advantages  of  a coherent 
optical  system  are  its  efficient  storage  of  the 
large  amount  of  data  in  a picture  and  the  high 
processing  speed  due  to  the  implicit  parallel 
processing  of  all  elements  simultaneously. 
Coherent  processing  is  rather  touchy  to 
operate  properly.  It  is  subject  to  anomalies 
and  cannot  handle  nonlinear  problems.  In 
addition,  the  large  aperture  systems  required 
have  relatively  high  cost. 

Digital  processing  has  the  advantages  of 
being  extremely  flexible  and  of  being  rather 
trouble-free  and  easy  to  use  once  the  pro- 
gramming system  has  been  worked  out.  It  has 
the  ability  to  handle  problems  that  are  non- 
linear in  both  intensity  and  geometry  and  can 
do  these  with  an  accuracy  limited  only  by  the 
user's  knowledge  of  the  incoming  data.  To 
gain  the  advantages  of  digital  processing 
requires  high-quality  signals  with  low  noise 
and  accurate,  associated  analog-to-digital 
conversion  equipment.  This  equipment  for 


either  scanning  film  or  digitizing  analog 
magnetic-tape  signals  is  fairly  expensive  and 
requires  appreciable  time  to  operate.  Al- 
though the  possible  high  cost  of  a digital 
computer  system  is  a potential  disadvantage, 
this  cost  can  be  traded  for  processing  speed 
by  using  a smaller  computer  that  will  require 
longer  to  do  the  processing. 

The  remainder  of  this  paper  will  assume 
that  the  data  will  be  reduced  to  digital  form 
for  computer  processing.  The  ^scussion 
applies  to  image-processing  in  general,  regard- 
less of  the  specific  field  of  application.  For 
example,  the  concept  and  understanding  of 
the  requirements  of  image-processing  have 
been  developed  for  the  processing  of  pictures 
as  returned  from  the  NASA  space  vehicles  to 
the  Jet  Propulsion  Laboratory  In  general, 
these  same  concepts  and,  to  a very  large 
extent,  even  these  same  specific  programs 
have  been  utilized  to  process  pictures  from 
the  electron  microscope,  light  microscope, 
medical  and  industrial  x-ray  photographs, 
various  telescope  pictures,  and  others. 

Examples  of  Digital  Processing 

Table  1 breaks  down  the  broad  area  of 
image-processing  into  six  applications  areas 
with  some  examples  of  the  l^ds  of  proces- 
sing that  may  be  applied  in  each. 

Generation 

Figure  1 is  a computer^ ensrated  test 
target  used  in  tiie  testing  of  the  MM’69  TV 
camera  systems.  It  contains  a number  of 
sinusoids  of  transmittance  (in  ihe  positive 
transparency  actually  used  in  test)  of  various 
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7.  Some  Uses  for  Image^Processing 


V. 


^ % 


Area 

Technique 

Uses 

Generation 

Computer-Originated 

! 

Test  Targets 
Graphical  Displays 

Computer  Substitutions 

! 

1 

To  Insert  Windows  in  Pictures 
To  Insert  Good  Data  for  Bad 

Intensity  Manipulation 

* Intensity  Calibration  cf  Systems 

Photometry 

1 Nonlinear  Lookups 

1 

Film  Curve  Corrections 
Grey  Scale  Alterations 

Chromaticity  Calculations 

Color  Shift,  Balance,  Alteration 

Geometric  Manipulation 

Geometric  Calibration  of  Systems 

Good  Geometry  Needed  for  Stereo 

Reprojection 

To  Convert  Slant  Fix  to  Gnd  Projection 

Overlay  Match  of  Two  Fix 

Rubber  Sheet  Stretching 

Independent  X and  Y Adjustments 

Aspect  Ratio  Corrections 

Spatial  Frequency  Operations 

1 

Spatial  High-Frequency  Boost 

To  Conect  for  Detail  Losses  in  System 

Spatial  Low-Frequency  Reduction 

To  MiniiTiize  Broad-Brush  Shading 
To  Remove  Effects  of  Glare 

Single  Frequency  Filtering 

To  Remove  Coherent  Noise 

Analysis 

Fourier  Transform 

Analysis  in  Spatial  Frequency  Flane 

Image  light  Distribution 

Star  Cluster  Analysis 

Pattern  Extraction 

Counting  Blood  Cells,  Autos,  Stan, 
Etc. 

Analyzing  Shapes  of  Object 

Convolution 

Filtering,  Corelation 

Multipicture 

! 

Subtraction 

Change  Detection 

Stereo  Information  Extraction 

Addition 

Averaging,  Noise  Removal 

Multiplication 

Spatial  Domain  Filtering 

Division 

Normalizing 

modulation  amplitudes  superimposed  on 
various  steady-state  light  intensities,  plus 
several  step-changes  of  intensity  for  transient 
response  c^bration  of  the  camera. 

Figure  2 shovvs  a segment  of  computer- 
calculated  data  inserted  as  a window  in  a 
picture.  The  picture  is  an  electron  micrograph 
of  a catalase  crystal  showing  a number  of 
artifacts  due  to  the  heavy  metal  staining.  The 
repeathk^  structure  was  located  by  computer 
analysis  of  the  original  and  was  substituted 
for  one  repeating  image  cell. 


Intensity  Manipulation 

Typical  TV  camera  tubes  have  a spatially 
nonuniform  response  to  light,  hoc  ^-ate 
photometry  requires  that  the  response-versm- 
light-level  calibration  curve  be  known  for  each 
picture  element,  called  a pixel.  Applicaticn  of 
the  corresponding  curve  at  each  pixel  point 
will  recover  the  true  light  value  at  that  point. 
Figure  3 illu!.crates  this  technique  as  applied 
to  a Surveyor  picture.  The  s^dirig  of  the 
ground  bri^tness  from  left  to  right  at  the  top 
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Figure  1.  Computer-generated  test  target 

Figure  2 Computer-calculated  data  inserted  in  a 
picture. 


(a)  Uncorrected,  (b)  Corrected. 

Figure  3,  Correction  of  nonuniform  camera  response  (Surveyor), 
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of  the  uncorrected  picture  has  been  removed 
in  the  corrected  picture  to  produce  a uniform 
ground  light  level. 

The  test  target  of  figure  1 has  been  cal- 
culated to  produce  accurate  sinusoids  of 
transmittance  in  the  projected  positive  trans- 
parency. This  calculation  compensates  for  the 
nonlinear  density-log  exposure  curve  of  both 
the  original  recording  film  and  the  film  on 
which  the  transparency  is  produced.  This  was 
done  by  first  producing,  by  calibration,  a 
nonlinear  output/input  lookup  table,  which 
characterized  the  entire  system,  and  then 
applying  this  table  as  a prefacto  distortion. 

Color  balance  in  a picture,  or  the  visual 
color  appearance  of  a picture,  may  be  shifted 
by  computer  manipulation.  The  Mare 
Imbrium  area  of  the  moon  was  photographed 
to  show  several  different  ways  of  illustrating 
the  red-blue  c Dior  differences  (ref.  2).  The 
original  pictures  were  photographed  through 
#29  and  #47B  filters  to  produce  a led-blue 
color  separation  pair.  These  photographs  were 
digitized,  and  the  digital  values  v/ere  trans- 
ferred to  the  log-exposure  domain  by  non- 
linear table  lookup,  using  the  complete 
system  calibration  data.  Subtraction  of  one 
from  the  other  produced  a picture  whose 
values  were  a measure  of  hue.  This  difference 
picture  can  be  stretched  and  clipped  in  vari- 
ous ways  to  produce  varied  results.  The 
photographs  in  figures#,  5,  and  6 illustrate 
the  possibility  of  separating  the  color  domain 
into  blue,  gray,  and  red  areas.  In  figure  4,  the 
blue  areas  are  rendered  white;  in  figure  5,  the 
gray  areas  are  rendered  white;  and  in  figure  6, 
the  red  areas  are  rendered  white. 

Geometric  Manipulation 

Typical  camera  systems  will  have  some 
degree  of  geometric  nonlinearity.  This  may  be 
determined  by  measurement  of  the  distortion 
in  a photograph  of  a kn'^wn  rectangular  grid 
or  a known  array  of  stars.  A known  grid 
photographed  by  the  Surveyor  camera  system 
before  and  aftei  correction  is  shown  in 
figure  7.  In  the  JPL  GEOM^program,  up  to 


^Geometric  Manipulation 


Figure  4.  Mare  Imbrium  area  on  the  moon;  showing 
blue  areas  in  white. 


Figure  5.  Mare  Imbrium  area  on  the  moon;  Aowing 
gray  areas  in  white. 
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Figure  6.  Mare  Imbrhtm  area  on  the  moon;  showing 
red  areas  in  white. 


100  individual  pass-points  may  be  simulta- 
neously shifted,  with  automatic  computer 
inter  'olation  of  all  in-between  points. 

Tlie  GEOM  type  of  program  may  be 
used  to  reprojec'  a photograph  for  rectifi- 
cation or  other  purpoces.  Figure  8 illustrates 
the  rectification  of  a Ranger  IX  photograph 
to  produce  true  ground  coverage.  Figure  9 
illustrates  the  application  to  an  earth-based 
photograph  of  a building. 

Comnarison  of  two  pictures  requires 
accurate  overlay  matching.  Figure  10  is  the 
difference  picture  of  the  Mare  Imbrium  area 
as  produced  with  incorrect  and  correct  regis- 
tration. In  this  specific  case,  registration  was 
obtained  by  horizontal  and  vertical  trans- 
lation plus  rotation.  In  the  general  case,  a 
change  in  magnification  might  also  be  present. 

Due  to  various  factors,  it  may  well  occur 
that  the  horizontal  and  vertical  spacing  of  the 
picture  elements  should  be  independer'.tly 
varied  for  aspect  ratio  corrections.  The  Sur- 
veyor pictures  of  figures  3 and  7 contain 
684  samples  per  line  and  600  lines.  The  ver- 
tical and  horizontal  spicing^  have  been 
adjusted  to  produce  the  correct  aspect  ratio 
of  the  reticle  marks  and  are  quite  unequal. 


fa/ Before  correction.  fb/ After  correction. 

Figure  7.  Correctioi  ; f geometric  camera  distortion  fSurrtyor/. 
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3 Ofti  


7 


(a)  Uncorrected, 


i?:.' 


4-5:'^, ■ 


R93  001 


(b)  Corrected. 

Figure  8.  Use  of  geometric  correction  for  rectification  (Ranger  IX). 
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(a)  Uncorrected, 


in 


(b)  Corrected. 

Figure  9.  Use  of geometric  correction  for  correction  of  perspective. 


Spatial  Frequency  Operations 

spatial-frequency  response  of  a 
system  is  commonly  limited  within  the  pass- 
band  defined  by  the  Nyquist  sample  spacing, 
thus  resulting  in  a loss  of  high-frequency 
detail.  The  amount  of  this  loss  may  be 


measured  in  the  X and  Y directions  by  photo- 
pphing  sinusoidal  test  charts,  such  as  shown 
in  ^ figure  1 . The  two-dimensional  inverse  of 
this  roll-off  curve  is  produced  and  then 
Fourier-transformed.  Next,  it  is  applied  by 
convolution  to  the  picture,  resulting  in  a 
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a)  Registered  ( b)  Nonregistered, 

Figure  10.  Illustration  of  effects  of  nonregistration. 


' I hOhhc*  r?H- 15-^4- 3*4  PhU  58*43  II  ‘♦0‘4‘4c:  l‘^‘4-t5"8‘4-3*4  IWPF  38*43 


t (a)  Before  enhancing  high  frequencies.  ( b)  After  enhancing  high  frequencies. 

I 

^ Figure  11.  Picture  sharpening  by  enhancement  of  high  frequencies. 

I 

s. 

restoration  of  the  high-frequency  details.  The  a Surveyor  III  picture  by  a partial  elimination 

effect  of  such  a process  is  shown  in  figure  11.  of  the  low-frequency  components.  The  low- 

Other  manipulation  in  the  spatial  fre-  frequency  components  may  be  completely 
quency  domain  may  be  accomplished.  eliminated,  as  shown  in  figure  13,  resulting  in 

Figure  1 2 illustrates  the  removal  of  glare  from  the  loss  of  all  shading  and  the  reproduction  of 


% 


(a)  Before  partial  removal  of  low  frequencies.  (b)  After  partial  removal  of  low  frequencies. 

Figure  12.  Removal  of  glare  by  partial  removal  of  low  frequencies. 
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only  fine  details  and  edges.  Figure  13  shows 
the  enhancement  of  this  fine  detJI  in  the 
x-ray  photograph  of  a tumor  of  the  arm. 

The  spatial  frequencies  to  be  removed 
may  be  isolated  sinusoids.  Figure  14(a)  is  a 
portion  of  a Ranger  VII  picture  in  which  a 
sinusoidal  interference  is  present  in  the  trans- 
mitted picture.  A convolution  filter  was  used 
to  isolate  this  noise,  which  is  shown  alone  in 
figure  14(b).  After  isolation,  it  may  be  sub- 
tracted from  the  original  to  produce  the 
picture  shown  in  figure  14(c). 


Analysis 

The  MM’69  camera  system  produces  a 
picture  with  considerable  noise,  as  illustrated 
in  figure  l.*!(a).  A one-dimensional  Fourier 
transform  is  taken  of  each  line,  and  the  results 
are  averaged  and  plotted  in  figure  16.  The 
strong  noise  frequencies  are  apparent;  they 
are  isolated  in  figure  1 5(b).  In  this  particular 
exercise,  a Fourier-domain  filter  was  designed 
to  eliminate  the  noise  spikes  with  the  results 
shown  in  figure  1 5(c). 


(a)  Original  picture. 


(b)  Noise  only. 

Figure  15.  Multicomponent  noise  removal. 


(c)  After  noise  removal. 
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Figure  16.  Noise  spectrum  (horizontal)  of  the  picture  in  figure  15. 


Although  the  spatial  frequency  manipu- 
lations shown  in  figures  1 1 through  14  were 
produced  by  convolution,  the  same  effects 
could  have  been  produced  by  taking  a two- 
dimensional  Fourier  transform  of  the  picture, 
followed  by  multiplication  in  the  Fourier 
domain  of  the  desired  frequency -response 
map.  This  would  then,  in  turn,  be  followed  by 
a retransform  back  to  the  real  image  domain. 
This  is  the  procedure  used  for  figure  1 5.  Even 


with  the  Cooley-Tukey  algorithm,  this  is  a 
lengthy  procedure,  and  most  practical  appli- 
cations still  seem  best  performed  by  the 
convolution  method. 

The  distribution  of  stars  in  a number  of 
different  star  clusters  have  been  analyzed  by 
computer.  The  digitized  pictures  are  scanned 
by  using  a number  of  different  criteria  to 
determine  the  presence  or  absence  of  stars, 
after  which  the  center  of  the  cluster  is  located 
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(a)  Original  picture.  (b)  Remit  of  threshold  at  50  percent. 

Figure  1 7.  Globular  star  cluster. 


i and  the  sphencal  distribution  of  the  stars  is 
^ determined.  Figure  17  shows  one  of  the 
j,  clusters  and  the  application  of  one  of  the 
separation  criteria  (slicing  at  50-percent 
amplitude).  Figure  18  is  the  data  output  re- 
< suiting  from  the  process. 

I 

Multipicture  Operation 

y 

i The  use  of  picture  subtraction  for  color- 

^ difference  determination  was  illustrated  with 
the  Mare  Imbrium  pictures.  Subtraction  is 
’ also  useful  for  detecting  changes,  as  illustrated 
in  figure  19.  Here,  motion  of  cars  on  a free- 
way is  clearly  shown  in  the  difference  picture 
as  half-black,  half-white  objects  with  all 


constant  detail  cancelling.  Translation  of  one 
picture  causes  the  subtraction  to  eliminate 
vehicles  going  at  the  appropriate  velocity. 

The  use  of  picture  addition  for  averaging 
was  shown  in  figure  2,  the  catalase  crystal,  in 
which  the  repeating  detail  was  produced  by 
averaging  all  of  the  unit  cells  of  the  original 
picture. 

Some  Parameter  Boundaries 

In  designing  an  imaging  system,  a 
number  of  things  must  be  considered  more  or 
less  simultaneously.  Some  of  these  will  be 
found  to  have  rather  practical  hardware  limi- 
tations due  to  the  current  state-of-the-art. 


Figure  1 8,  Data  output  from  star-cluster  analysis. 
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(a)  Original  #1.  (b)  Original  ^2.  (c)  Subtraction  for  (d)  Subtraction  for 

velocity -0.  velocity  ^V. 

Figure  19.  Picture  subtraction  for  motion  detection  in  traffic-motion  study. 


while  Others  may  be  open-ended  in  this  re- 
spect but  limited  by  cost  of  implementation. 

Briefly,  the  considerations  to  be  covered 
in  detail  are: 

Resolution:  The  sharpness  of  the  image 
as  recorded  on  film  or  as  presented  spatially 
to  the  imaging  device  will  determine  the 
required  spatial  density  of  sampling  points. 

Quantizing  accuracy:  The  finer  the 
digital  steps  used  to  characterize  the  points 
the  better.  This  will  ultimately  be  limited  by 
noise. 

Recording  considerations:  Any  film  used 
for  recording  will  contribute  noise  and  there- 
fore is  to  be  avoided,  if  possible.  Some  forms 
of  image  tube  sensors,  however,  cause  even 
more  problems;  therefore,  a tradeoff  between 
methods  is  needed. 

Data-processing:  Minimizations  of 
computer  time  suggest  that  a small  picture  is 


desirable,  but  this  limits  either  resolution  or 
area  coverage;  hence,  another  tradeoff  must 
be  made.  Design  of  a data-handling  system 
geared  to  picture-processing  will  greatly  facili- 
tate this  procedure. 

Conversion  to  output  film:  Specifi- 
cations for  film-recording  equipment  must  be 
quite  stringent  because  very  small  deviations 
will  cause  noticeable  artifacts. 

Resolution 

The  quoted  or  desired  resolution  in  the 
object  domain  must  be  converted  to  the 
image  domain  because  this  is  the  quantity  of 
importance  to  the  image-recording  system.  In 
general,  the  resolution  will  be  limited  by  the 
imaging  optics  and  by  the  scanning  and 
reproduction  devices.  The  modulation 
transfer  function  (MTF)  of  the  complete 
system  may  be  found  by  combining  the 
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MTF’s  for  each  of  the  components  (ref.  6). 
The  spacing  of  the  samples  in  a scanned  sys- 
tem (including  the  line-spacing  in  a line- 
scanned  system)  must  satisfy  the  Nyquist 
criteria  of  having  at  least  two  samples  per 
cycle  of  the  liighest  frequency  at  which  there 
is  picture  information. 

The  flnite  size  of  the  image-scanning 
spot  will  further  limit  the  high-frequency 
response  of  the  overall  system.  In  particular, 
practical  flying-spot  scanner  systems  and 
camera  tubes  may  have  apertures  (i.e.,  spot 
size)  of  10  to  25  micrometers.  While,  in  prin- 
ciple, these  apertures  may  be  imaged  into  the 
scanning  plane  at  reduced  size,  in  practice,  a 
projection  lens  of  f/4  or  larger  must  be  used 
to  minimize  resolution  loss  due  to  lens  dif- 
fraction limit.  This  is  discussed  in  detail  in 
reference  7. 

Data  Quantity 

Although,  from  the  viewpomi  of  mini- 
mizing picture  information  loss  and  mini- 
mizing the  po^ibility  of  moire,  it  is  desirable 
to  use  as  many  pixels  as  possible,  minimi- 
zation of  computer  operating  time  dictates 
that  the  number  of  pixels  be  reduced  to  a 
minimum.  The  practical  number  of  pixels  per 
line  is  bounded  by  several  parameters; 

1.  One  standard,  2400-foot,  digital 
magnetic  tape  recorded  at  800  samples  per 
inch  will  hold  a picture  of  about  4000  ele- 
ments square;  this  therefore  becomes  a con- 
venient breakpoint.  If  the  picture  is  formatted 
to  contain  one  picture  line  per  digital  record, 
this  results  in  about  4(X)0  records  containing 
approximately  4000  pixels  each. 

2.  Since  the  processing  time  increases 
as  the  square  of  the  number  of  pixels  per  line, 
it  behooves  the  user  to  minimize  this  quantity 
to  minimize  computer  time. 

3.  High-resolution  cathode-ray  tubes 
for  film  scanning  are  generally,  but  not  neces- 
sarily, limited  toa  7-inch  diameter.  With  a tube 
of  this  type,  a raster  containing  as  many  as 
8000  by  8000  pixels  can  be  obtained  al- 
though a more  practical  value  may  be  4000 
by  4000.  Scanning  of  the  image  with  a normal 
camera  tube  limits  the  data  to  approximately 


1000  by  1000  pixels  although  the  newer 
return-beam  vidicons  promise  to  raise  this 
limit  to  6000  by  6000. 

Quantification 

A given  pixel  will  be  converted  to  digital 
form  by  quantifying  it  into  some  number  of 
steps  for  uk*^'mate  digital  processing.  The 
quantification  normally  in  terms  of  equal 
increments  of  light  or,  in  the  case  of  film- 
scanning,  of  equal  increments  of  film  trans- 
mittance. On  a high-quality  print  or  a film 
transparency,  the  eye  can  readily  discern  a 
difference  in  quality  as  produced  by  four-bit 
(164evel)  and  five-bit  (32-level)  quantifying, 
but  it  cannot  readily  see  any  extra  quality  at 
6 bits.  In  order  to  maintain  five-bit  quantifi- 
cation of  the  output  of  the  digital  processing, 
the  input  quantifying  must  be  at  least  6 bits 
or  64  levels. 

It  is  found  that  the  limiting  factor  in 
image-processing  is  noise.  This  is  particularly 
true  for  the  high-frequency  enhancement  that 
is  used  to  sharpen  fine  details.  For  this  reason, 
considerable  attention  must  be  devoted  to 
noise  considerations. 

The  quantifier  transforms  the  magnitude 
of  a signal  into  a discrete  number  of  steps.  In 
a noiseless  system,  there  is  no  ambiguity  in 
the  designation  of  a particular  signal  level  as  a 
certain  digital  number.  In  the  presence  of 
noise  (assumed  to  be  random),  however,  it  is 
the  signal-plus-noise  that  is  quantified,  and 
the  level  of  the  signal  alone  is  somewhat 
uncertain  from  inspection  of  the  digital 
number.  As  a rule  of  thumb,  the  rms  noise 
should  be  kept  between  one-half  and  one- 
third  of  the  size  of  one  digital  step  to  ensure 
that  the  number  produced  by  the  quantifying 
is  not  perturbed  by  the  noise.  This  choice  of 
noise  limitation  is  quite  arbitrary  and  pro- 
duces a probability  of  correct  classification  of 
0.73. 

The  signal-to-noise  ratio  in  decibels 
(SNjb)  required  in  the  system  may  be  shown 
to  be  (ref.  7); 

S/Ndb  ° 20  (log  m log  3) 
where  m > number  of  steps 

S • total  signal  range,  black  to  white 
N « rms  noise 
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In  a scanned  film  system,  the  film  grain  also 
contributes  to  the  noise.  TTie  maximum  allow- 
able nns  film  noise  may  be  derived  (ref.  7)  to 
be: 

OD=  0.0005  X SA 

where  ODsmaximum  allowable  rms  density 
fluctuations  at  D - 1 and 
aperture  = 24  micrometers 
SA  = scanning  aperture  diameter 
in  micrometers 


Perusal  of  film  specifications  will  show  that 
normal  film  has  a fluctuation  considerably 
higher  than  this  value  for  small  apertures; 
hence,  the  system  will  be  film-limited.  For 
this  reason,  it  is  desirable,  where  possible,  to 
go  to  direct  camera  pickup  of  the  light  image 
rather  than  to  use  film  as  an  intermediary 
step.  The  signal-to-noise  of  the  system  may  be 
increased  by  reducing  the  system  bandwidth. 
This  reduction  in  bandwidth  requires  an 
increase  in  the  optimum  sampling  pulse 
width.  A good  value  of  the  sampling  pulse 
width  is  given  by: 


where  T = sampling  pulse  width  in  micro- 
seconds and  B = bandwidth  in  megahertz. 

Electronic  Cameras 

It  has  been  indicated  that  the  intro- 
duction of  a film  into  the  system  will  result  in 
appreciable  extra  noise  and  is  therefore  to  be 
avoided,  if  possible.  In  those  instances  for 
which  the  direct  image  digitizing*  time  is  not 
satisfactory  and  where  sufficient  light  for  film 
exposure  is  available,  initial  phot'igraphing  of 
the  image  onto  film  with  subsequent  film- 
scanning may  be  the  only  alternative. 
Scanning  the  photographic  film  for  digitizing 
purposes  to  achieve  high  qualit/  results 
should  be  done  at  slow«can  rates.  Set  lining  at 
video  rate  with  a TV  camera  tube  can  derive 
only  low  quality  data. 

Commercial  TV  cameras  such  as  closed 
circuit  TV  systems  generally  uae  a vidicon 
camera  tube.  The  operating  illumituition  range 
(known  as  dynamic  range)  is  low  for  such 
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camera  tubes  and  is  limited  by  the  signal-to- 
noise  ratio  (S/o)  obtainable.  The  reproduced 
image  from  such  tubes  will  possess  much 
noise,  especially  in  the  low-light-levet  areas  of 
the  image.  Image  quality  is  further  degraded 
by  spatial  shading  and  blemishes  that  are 
added  to  the  reproduced  image  by  vidicon 
camera  tubes.  Slow-scan  vidicons  have,  how- 
ever, been  successfully  used  by  JPL  in  its 
lunar  and  planetary  missions  (ref.  8). 

Typical  performance  parameters  for 
some  candidate  cameras  are  shown  in  ta-jle  2 
The  high-level  illumination  listed  in  the  table 
corresponds  to  the  saturation  point  of  the 
tube.  The  threshold  level  of  illumination  is  set 
by  a S/a  of  unity.  These  two  levels  define  the 
dynamic  range  capability  of  the  tube.  Reso- 
lution values  listed  in  the  table  are  those 
corresponding  to  an  MTF  response  of  10 
percent. 

Because  of  the  inherently  poor  S/o  of 
electronic  systems  at  the  high  bandwidth 
required  for  high  rate  scanning  (for  example, 
commercial  rate  video),  the  temptation  to  use 
a video  camera  system  must  be  avoided  where 
ultimate  digitization  and  processing  is  the 
goal. 


Data-Recordlnft 

Scanning  of  either  the  original  image  or  a 
film  with  a scamiing  system  is  ultimately 
required,  and  the  electronic  image  must  be  / 

disposed  of.  Once  the  image  has  been  con- 
verted to  electrical  form  by  some  type  of 
camera,  the  agnal  should  be  FM-recorded  on 
magnetic  tape  (if  it  caimot  be  quantified  in 
real-time)  to  minimize  degradations  in  the  S/o 
ratio.  Irretrievable  data  loss  in  both  noise  and 
resolution  occurs  in  the  recording  of  a signal 
onto  film;  hence,  film-recording  of  an  elec- 
tronic camera  signal  witii  the  intent  of  future 
film-scanning  should  be  avoided. 

In  the  best  of  all  posrible  worlds,  the 
data  will  be  digitized  directly  during  the 
imagoscanning  process,  thus  av<nding  all 
intermediate  forms  of  recording.  At  moderate 
digitizing  rates  (for  example, between  10  and 
too  kilosamples  per  second,  with  the  exact 


*BMed  on  white  li|^t.  The  phot  oca  thoda  iqtectcal  leniitivity  must  be  applied  to  estimate  the  response  of  the  tube  to  other  light. 


CONSIDERATIONS  FOR  DICTAL  IMAGE-PROCESSING 


689 


\v 


I 

f 

\ 


number  depending  upon  the  computer  system 
used'^,  the  input  data  can  bt  handled  directly 
by  the  computer  bv  recording  it,  on  either 
magnetic  tape  or  disk,  simultaneously  with  its 
receipt. 

In  the  present  state-of-the-art,  there  is  no 
device  for  recording  large  quantities  of 
samples  at  high  sample  rates.  It  is  therefore 
desirable  to  replay  the  analog  magnetic  tapes 
at  a fraction  of  the  original  speed  to  get  the 
digitizing  rate  down  to  the  rate  that  can  be 
handled  by  the  system. 

An  immediate  problem  is  encountered  if, 
for  some  reason,  the  input  data  has  been 
analog-recorded  on  a helical-scan  or  rotary- 
head  magnetic  tape  recorder  because  these 
machines  cannot  be  slowed  down  for  replay. 
If  this  type  of  machine  has  been  used  and  if 
the  required  data  rate  is  above  that  which  the 
computer  system  can  handle,  the  input  signal 
may  be  dubbed  onto  a longitudinal  tape  re- 
corder for  subsequent  replay  at  slow  speeds. 
This  dubbing  process  will  add  more  noise  to 
the  signal  and  will  result  in  further 
degradation. 

The  output  film-recording  device  gener- 
ally will  take  the  form  of  a cathode-ray-tube 
flying-spot  device.  Precisely  the  same  set  of 
limitations  apply  as  were  previously  outlined 
for  a cathode-ray-tube  flying-spot  film 
scanner.  In  addition  to  the  requirements 
previously  outlined  for  the  scanning  of  film, 
the  geometrical  accuracy  in  the  placement  of 
the  recording  spot  is  of  added  importance 
because  slight  displacement  of  the  spot  during 
film-recording  will  cause  visible  line  streaks 
and  other  degradations.  Therefore,  additional 
effort  must  be  made  to  ensure  that  both  the 
actual  displacements  and  the  rate  of  change  of 
displacement  with  position  are  minimized. 

Cathode-ray  tubes  are  normally  quite 
nonlinear  in  output  light  with  respect  to  input 
drive  and,  therefore,  will  produce  a distorted 
grey  scale  unless  corrective  efforts  are  made. 
In  addition,  specular  variations  and  phosphor 
aging  must  be  compensated  for.  One  method 
that  has  been  used  at  JPL  is  to  monitor  part 
of  the  light  being  produced  by  the  cathode- 
ray  tube  by  using  a beam-splitter  that  diverts 
part  of  the  light  into  a photomultiplier  tube. 


This  is  a feedback  input  that  closes  a servo- 
loop  around  the  cathode-ray  tube  and  in- 
cludes the  light  path,  thus  ensuring  the  light  is 
a reasonably  linear  function  of  the  input 
voltage. 

The  development  of  processing  tech- 
niques and  the  determination  of  the  param- 
eters to  be  applied  during  the  processing  are 
very  subjective  and  require  the  continued 
attention  of  the  analyst  to  the  result  of  his 
processing.  This  is  a time-consuming,  iterative 
procedure  in  which  the  analyst  examines  bis 
latest  results  and  submits  new  processing 
accordingly.  The  time  required  to  obtain  a 
picture  from  the  computer  system  will  be 
minimized  if  a data  display  is  available.  This 
display  must  be  of  hi^  enough  quality  to 
present  the  details  required  by  the  analyst  l ' 
may  take  the  form  of  either  hard-copy  prir.i- 
out  or  cathode-ray-tube  display. 

The  cathode-ray-tube  display  requires 
repeated  presentation  to  avoid  flickering.  The 
picture-refreshing  provided  by  storage  tubes 
or  image  converter  tubes  is  not  of  adequate 
quality  for  display  of  small  processing  effects; 
therefore,  a refreshing  system  such  as  rotating 
disc  or  computer  memory  must  be  used  with 
a high  quality  cathode-ray  tube. 

System  Techniques 

The  development  of  the  processing 
algorithms  and  the  accomplishment  of  some 
moderate  amount  of  acturl  processing  can  be 
done  on  almost  any  general-purpose  com- 
puter. It  will  be  found,  however,  that  the 
smaller  computers  will  be  quite  inefficient  for 
picture-processing  because  the  smai'er 
machines  do  not  have  adequate  capability  for 
the  large  amount  of  pixel  manipulation  that 
must  be  done  to  handle  the  laTg"  rirray^^ 
present  in  pictures,  fherefore,  if  the  analyst  is 
concerned  wi^h  either  fast  turri-around  from 
the  computer  or  • ith  processing  either  large 
pictures  or  a large  number  of  small  pictures, 
he  must  eventually  consider  going  to  a 
medium  or  large  size  computer. 

Since  even  the  normal  large-size- 
computer  installations  do  not  have  adequate 
core  memory  for  storing  an  entire  picture. 
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some  form  of  picture  ro!.  ' • gh  is  required. 
In  this  mode,  a few  lines  ot  picture  at  a time 
are  read  into  core,  processed,  and  then  read 
out  to  allow  room  for  more  lines  for  further 
processing.  In  addition  to  the  core  space 
required  for  the  program  storage,  f'apacity 
must  be  provided  for  pixel  storage.  Some  of 
the  processing  algorithms  operate  on  one 
pixel  at  a time  and  could  conceivably  work 
with  a picture  memory  as  small  as  a few 
pixels.  Other  programs,  such  as  the  two- 
dimensional  convolution  program  for  fil- 
tering, require  simultaneously  a number  of 
picture  lines  at  least  as  high  as  the  convo- 
lution matrix  size  and,  for  efficient  operation, 
should  have  room  for  several  times  this 
amount.  For  a picture  of  1024  pixels  per  line, 
the  total  memory  size  for  picture  storage 
rapidly  gets  out  of  hand.  The  state-of-the-art 
in  computer  memories  is  now  such  that 
memories  of  65,000  to  130,000  bytes  are 
now  quite  practical. 

Whether  or  not  magnetic  disks  are  useful 
will  depend  upon  the  type  and  mix  of  the 
processing  to  be  done.  We  have  found  it  con- 
venient to  group  the  pixels  in  one  record  per 
line,  with  a complete  picture  occupying  one 
file  or  data  set.  The  lines  are  normally 
recorded  sequentially  along  the  recording 
medium.  For  those  processes  in  which 
sequential  line  access  is  adequate,  obtaining  a 
picture  from  tape  is  entirely  satisfactory.  For 
those  processes  in  which  a number  of  lines 
simultaneously  must  be  accessed  or  for  which 
nonsequential  pixels  from  several  lines  must 
be  used,  magnetic  tape  is  ver>'  inconvenient; 
and  it  will  be  better  to  read  serially  a com- 
plete picture  from  tape  onto  disk  and  then  to 
access  randomly  the  required  pixels  or  lines 
from  the  disk.  If  the  disks  are  organized  in  a 
cylindrical  mode,  access  time  will  be  further 
reduced.  At  least  one  disk  drive  is  recom- 
mended. 

It  can  thus  be  seen  that  image-processing 
can  be  done  on  almost  any  size  computer 
from  the  table-top  model  up  to  the  largest 
installations.  Processing  time  on  a ^arge 
machine  will  be  much  less  than  that  on  a 
small  one,  and  a larger  memory  and  more 
rapid  processing  speeds  will  allow  much  more 


ambitious  algorithms  to  be  performed  than 
would  be  attempted  on  a small  macliine. 


Software 

As  with  the  hardware,  a large  amount  of 
picture-processing  can  be  done  with  normal 
general-purpose  computers  and  the  standard 
Fortran  batch-processing  software.  This  is  not 
particularly  efficient,  however,  as  the  Fortran 
compilers  with  then-  associated  input/output 
routines  are  often  much  slower  than  the 
response  that  could  be  obtained  by  specific 
programming.  For  this  reason,  with  large 
numbers  of  pictures  to  be  processed,  special 
attention  must  be  given  to  reducing  or  by- 
passing the  inefficient  parts  of  the  Fortran 
language  and/or  doing  programming  in 
machine  language.  In  addition,  an  image- 
processing  laboratory  should  make  available 
to  the  analyst  an  efficient  data-handling  sys- 
tem for  the  de^'elopment  of  algorithms  and 
for  the  recording,  processing,  and  display  of 
pictures. 

To  facilitate  the  use  of  the  system  by  the 
analyst  and  to  enable  him  to  call  for  new 
processes  rapidly,  an  image-processing  soft- 
ware system  must  be  designed  that  is  based 
upon  English  language  commands.  This  sys- 
tem should  require  a minimum  of  program- 
ming knowledge  and  data  inputs  from  the 
analyst  and  should  perform  automaticaUy  as 
much  of  the  input/output  processing  and 
routine  bookkeeping  as  possible.  Such  a 
supervisory  language  has  been  developed  for 
the  Image-Processing  Laboratory  of  JPL.  This 
language  has  been  designed  to  allow  the 
analyst  to  process  easily  and  quickly  one 
picture  or  a string  of  pictures  through  one  or 
more  processes  automatically.  This  is  done 
with  a fairly  simple  set  of  commands,  which, 
together  with  the  required  numerical  param- 
eters, are  submitted  as  a card  deck. 

Only  a supervisory  program  is  per- 
manently resident  in  core.  The  various  proces- 
sing programs,  as  required,  are  read  from  the 
disk  libraries  by  these  commands  to  the  core, 
thus  minimizing  the  amount  of  core  that  must 
be  rci^rved  for  programs.  The  system  contains 
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Figure  20.  Block  diagram  of  an  image-processing  system. 


special-purpose  input/output  routines  opti- 
mized for  picture-handling;  these  are  used 
instead  of  the  normal  Fortran  input/output 
routines.  This  saves  considerable  space  in  the 
program  libraries  and  obviates  the  necessity  of 
writing  these  routines  for  each  processing  pro- 
gram. As  a result,  the  writing  of  processing 
programs  (which  may  be  in  either  assembly 
language  or  Fortran)  is  considerably 
simplified. 

A Complete  System 

A complete,  digital,  image-processii^ 
laboratory  embodying  the  above  consider^ 
ations  (either  at  the  present  time  or  in  plans 
to  be  included  in  the  future)  is  being  estab- 
lished at  the  Jet  Propulsion  Laboratory.  A 


block  diagram  of  this  image-processing  system 
is  shown  in  figure  20. 

The  system  has  been  designed  to  allow 
rapid  compute^processing  of  the  images, 
direct  entry  of  the  image  data  from  films, 
hard  copy,  or  optical  devices  such  as  a micro- 
scope. It  will  provide  the  analyst  with  a 
computer-driven  video  display  and  the  capa- 
bility of  rapid  selection  of  processing  by 
keyboard  entry.  The  computer  dso  serves  as  a 
control  for  the  peripheral  devices  when  they 
are  operated  in  a system  mode. 
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Ronald  M.  Muller 

NASA  Goddard  Space  Flight  Center 


Introduction 

About  three  years  ago,  a developmental 
effort  was  started  to  produce  a spacecraft 
computer  that  was  general  purpose  and  yet 
had  “reasonable”  weight,  size,  and  power  re- 
quirements. At  the  time,  we  had  no  specific 
mission  in  mind  except  that  a relatively  large 
payload  was  needed  to  keep  the  machine 
busy.  An  astronomy  type  of  mission,  such  as 
the  Orbiting  Astronomical  Observatory 
(OAO),  is  ideally  suited  to  carry  this  com- 
puter. It  can  be  used  by  all  subsystems  and 
experiments  and  can  actually  save  weight  and 
power  while  improving  performance.  We  are 
now  fabricating  the  fli^t  computer  for  the 
OAO-C  (fourth  flight)  mission  where  the 
machine  will  have  “experiment”  status.  Later 
missions  will  use  the  machine  as  prime  space- 
craft hardware,  and  much  of  the  experiment 
processing,  the  spacecraft  control  functions, 
and  the  operations  will  be  built  into  it. 

Design  Philosophy 

Major  design  requirements,  in  decr  easing 
order  of  importance,  were: 

1.  High  reliability 

2.  Ease  of  programming  and  repro- 

gramming 

3.  Low  power  coirsumption 

4.  Low  weight 

5.  Small  size. 

These  requirements  were  satisfied  even 
though  certain  compromises  were  necessary 
because  of  conflicting  requirements. 

Onboard  Processor  Qiaracteristics 

The  onboard  processor  (OBP)  occupies 
less  than  10(X)  cubic  inches  for  one  central 


processing  unit  (CPU),  mput/output  (I/O), 
and  16,384  words  of  memory.  The  processor 
weighs  less  than  40  pounds  and  consumes  a 
peak  power  of  36  watts.  Average  power  con- 
sumption is  proportional  to  memory  usage; 
i.e.,  if  the  OBP  is  busy  only  half  the  time, 
average  power  is  22  watts.  Standby  power 
consumption  is  8 watts.  Other  characteristics 
are  an  18-bit  word,  two’s  complement  num- 
ber representation,  a 2.5-microsecond 
memory-cycle  time,  50  instructions,  and  up 
to  16  priority  interrupts.  Typical  execution 
times  for  instructions  are: 


Add  6.25  microseconds 

Multiply  (av.)  45  microseconds 

Divide  90  microseconds 

Shift  6.25  + 1.25  (number  of 

bits  shifted) 
microseconds 


Conditional 

transfer  5 microseconds 

AND/OR  6.25  microseconds 


Background  and  Philosophy 

The  questions  we  always  have  to  answer 
are:  “Why  use  a computer?  Why  not  build 
spacecraft  in  a conventional  way?”  My  answer 
is  that  spacecraft  can  be  built  without  a com- 
puter, but  this  relatively  new  tool  has  so 
many  advantages  that  I have  to  ask:  “How 
can  you  afford  not  to  build  a computer  into 
your  spacecraft?”  The  total  hardware  ap- 
proach incorporates  all  the  logic  and  memory 
of  a computer,  but  it  is  organized  in  a 
way  that  makes  it  a “non-computer.”  For  in- 
stance, OAO-A-2  contained  approximately 
300  flip-flops,  approximately  3000  gates,  2.1 
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memory  in  core,  and  192  bits  in 


0 ^ ' 

OT  memory  in  core,  and  192  bits  in 
*dway  lines.  OAO-B  win  contain  about  the 
same  amount  of  logic  but  will  have  an  addi- 
tional core  for  a total  of  3 x 10®  bits.  These 
are  the  parts  that  could  be  replaced  by  the 
computer.  In  contrast,  the  replacement  CPU 
and  I/O  unit  of  the  computer  contain  a total 
of  375  flip-flops  and  2600  gates,  and  the 
memory  may  contain  up  to  1 1.5  x 10®  bits  of 
core  storage.  In  this  comparison,  I have  not 
considered  potential  savings  in  hardware  in 
the  experimental  package  itself,  but  this  will 
also  be  quite  substantial. 

Spacecraft  Hardware  Versus  Computer 
Software 

The  comparison  above  does  not  imply 
that  everything  should  be  done  in  the  com- 
puter. In  fact,  there  are  some  functions  that 
must  not  be  put  into  software.  Examples  of 
these  functions  are  the  command  subsystem 
and  the  emergency  modes  of  operation  that 
would  be  used  if  trouble  should  develop  in 
the  computer.  Time  must  be  allowed  for 
ground  personnel  to  diagnose  the  trouble  and 
then  to  command  in  redundant  hardware  or 
new  programs  to  “work  around”  the  trouble. 

Other  functions  are  not  put  into  the 
computer  because  they  are  simple  functions 
that  require  wide  bandwidth  ''ipabilities.  An 
example  of  these  would  be  the  “fine- 
pointing”  analog  error  signals  generated  by 
the  experiment,  which  are  used  directly  to 
control  the  reaction  wheels.  There  is  a con- 
tinuum of  this  class  of  functions,  and  there  is 
no  sharp  line  between  “all  hardware”  and  “all 
computer.”  In  fact,  we  have  to  make  many 
choices  as  to  how  much  hardware  to  fly  and 
whether  to  put  it  into  the  spacecraft  or  into 
the  computer.  There  are  also  some  functions 
that  are  used  so  infrequently  that  it  is  obvious 
not  to  put  them  into  the  computer 

Multiple  Small  Computers  Versus  Central 
Computers 

Our  evaluation  of  the  tradeoff  between 
multiple  small  computers  and  a central  com- 
puter is  definitely  in  favor  of  the  central 
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machine.  If  the  multiple  machines  are  not 
allowed  to  talk  to  each  other  and  to  share 
memories  and  other  parts,  in  the  event  of  fail- 
ures we  end  up  with  something  not  much 
better  than  the  present  all-hardware  space- 
craft. The  central  machine  easily  allows  all 
subsystems  to  talk  to  each  other  and  to  the 
spacecraft.  It  can  be  built  to  contain  enough 
“spare  parts”  to  accommodate  multiple  fail- 
ures. Its  time-sharing  naturally  fits  the  space- 
craft operations.  For  instance,  when  the 
control  function  that  is  used  to  slew  the 
spacecraft  from  one  star  to  the  next  is  oc- 
cupying the  computer,  the  experiment  is  rela- 
tively dormant.  Once  the  spacecraft  is  on  the 
new  star,  the  experiment  becomes  active;  and 
use  of  the  computer  by  the  control  system 
declines.  The  present  design  includes  a power- 
ful priority-interrupt  capability,  which  insures 
that  each  job  gets  its  share  of  the  computer 
and  each  job  is  done  fast  enough  so  that  the 
individual  subsystem  is  serviced  as  if  it  had  its 
own  computer. 

Software  for  a Central  Time-Shared  Com|.  uter 

Because  of  the  expensive  nature  of  soft- 
ware, we  have  designed  the  computer  with 
features  that  permit  programmers  to  program 
with  relative  ease.  Each  user  writes  his  pro- 
gram as  if  the  computer  were  his  alone;  the 
priority  and  other  time-shaiirij  problems  are 
handled  for  him  by  a program  called  the  Ex- 
ecutive Program.  The  machine  assembly 
language  uses  standard  English  words  for  the 
program  code,  resulting  in  programs  that  read 
much  like  normal  English.  The  following  is  an 
example  of  this  type  of  program : 


NORM 


= y X*  + Y* 


Let  X times  X yield  X squared.  Let  Y 
times  Y plus  X squared,  transformed  by 
square  root,  yield  norm. 

The  fact  that  the  OBP  language  re- 
sembles English  provides  the  assembly- 
language  program  with  the  desirable  feature 
of  self -documentation;  in  other  words,  the 
program  is  an  English-language  explanation  of 
itself.  This  makes  program  maintenance  and 
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.•nodification  efficient.  Because  a given  pro- 
\ p^m  may  require  modification  at  any  time, 
\xrom  the  time  it  is  written  until  long  after 
launch,  complete  and  up-to-date  documenta- 
!^ion  is  essential.  The  English-like  language  also 
'facilitates  understanding  of  the  program  by 
: persons  other  than  professional  programmers; 
i thus,  the  scientist  engaged  in  a spacecraft  ex- 
‘periment  can  determine  if  the  programmer 
’has  faithfully  carried  out  his  duties. 

Another  design  feature  that  simplifies 
programming  is  a movable  binary  point.  This 
allows  easy  scaling  and  is  a compromise 
between  floating  point  and  fixed  point.  Float- 
/ing  point  was  not  implemented  primarily 
1 because  of  the  additional  memory  required  to 
‘hold  the  accuracy.  Memory  is  by  far  the  most 
j expensive,  heaviest,  and  highest  power- 
consuming part  of  the  computer. 

Reliability 

The  successful  application  of  a central 
general-purpose  computer  to  a spacecraft, 
such  as  OAO,  requires  the  highest  reliability 
possible  within  the  constraints  of  size,  weight. 


and  power  coitsumption.  Obviously,  we  are 
using  high  quality  parts.  In  addition,  we  have 
chosen  to  implement  this  computer  in  a man- 
ner similar  to  the  way  ground  computers  are 
implemented;  i.e.,  when  it  fails,  we  go  off  the 
air  for  a short  time,  replace  the  offending 
item  or  reprogram  if  the  program  is  at  fault, 
and  then  go  back  on  the  air  At  first  glance, 
not  having  the  computer  for  100  percent  of 
the  time  appears  to  be  a risky  thing  to  plan 
into  the  system,  but  there  are  sufficient  hard- 
ware safeguards  so  that  the  spacecraft  will  not 
sustain  damage  between  computer  failure  and 
computer  restoration.  All  that  will  be  lost  is 
the  experiment  observing  time  during  this 
period.  “Failure”  is  broadly  defined  to  in- 
clude software  failures  (bugs)  as  well  as  hard- 
ware malfunctions.  This  computer  repair  is 
accomplished  by  ground  command. 

Figure  1,  a simplified  block  diagram  of 
the  OBP,  shows  the  basic  dual-bus  intercon- 
nection used  to  achieve  both  flexibility  and 
high  reliability.  The  two  sets  of  buses  are  elec- 
trically independent  so  that  no  single  failure 
can  cause  the  loss  of  more  than  half  the 
memory.  Only  a few  kinds  of  failures  can 
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Figure  1.  Onboard  processor,  fimcHomi  Nock  diagnm, 
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cause  the  permanent  loss  of  even  this  much 
memory;  for  example,  a bus  wire  shorted  to 
the  structure.  If  the  failure  is  internal  to  any 
of  the  boxes,  the  ground  can  command  that 
box  OFF  and  turn  a spare  ON.  The  OFF  com- 
mand disconnects  both  power  and  ground  so 
that  all  nonoperating  boxes  are  electrically 
“floating.”  This  approach  permits  operation 
in  i^ite  of  failures  and  allows  a “graceful” 
rather  than  a catastrophic  loss  of  capability. 
The  dual  bus,  the  standby  redundancy,  and 
the  ability  to  reprogram  by  command  - all 
three  features  enhance  the  reliability  of  the 
system. 

It  should  be  noted  that  higli  reliability 
schemes,  such  as  triple  redundancy  with 
voters,  do  not  allow  tradeoff  of  weight  for 
reliability;  three  of  everything  must  be  flown. 
The  standby  redundancy  schemes  take  only 
the  power  of  one  computer;  the  triple  redun- 
dancy implementations  take  triple  the  power. 
Another  advantage  to  standby  redundancy 
lies  in  the  fact  that  the  “off’  units  are  not 
under  electrical  stress  and  will  have  a higher 
reliability  than  the  units  that  are  continuously 
operating.  The  improvement  factor  is  vari- 
ously estimated  at  between  2 and  10.  Another 
advantage  of  the  bus  scheme  is  that  it  allows 
the  memory,  CPU’s,  and  I/O’s  to  be  treated  as 
separate  items  for  reliability  purposes.  The 
memory  has  much  redundancy  built  into  each 
unit,  and  most  missions  will  normally  fly 
many  units.  The  memory  will  not  limit  com- 
puter system  reliability.  The  CPU  and  I/O  are 
each  of  the  same  complexity;  hence,  I will 
discuss  only  the  CPU.  The  calculated  time  to 
reach  a reliability  of  90  percent  for  one  CPU 
is  3000  hours.  Using  two  CPU’s  gives  1 1,000 
hours;  using  three  gives  16,000  hours.  This 
assumes  no  improvement  in  failure  rate  for 
the  standby  units.  If  a factor  of  5 is  assumed 
in  improvement  in  the  standby  units,  one 
spare  unit  improves  from  11,000  to  13,000 
hours;  and  two  spare  units  improve  from 
16,000  to  25,000  hours.  It  should  be  noted 
that  a breadboard  unit  has  operated  without 
failure  for  4,500  hours. 

Another  aspect  of  reliability  is  the  over* 
all  mission  reliability.  For  instance,  the  com- 


puter can  be  programmed  to  back  up  many  oi 
the  hardware  black  boxes  should  certain  ol 
their  functions  fail.  This  would  generally  be 
implemented  after  a failure  is  diagnosed  and  a 
suitable  work-around  program  devised.  Foi 
example,  the  loss  of  the  gimballed  star  tracker 
system  would  place  reliance  on  the  fixed  head 
tracker,  the  digital  sun  sensor,  and  the  experi- 
ment for  an  inertial  fix.  The  primary  function 
of  the  OBP  would  be  to  provide  the  command 
and  logic  capability  to  operate  the  spacecraft 
efficiently  under  such  circumstances. 

Operations 

There  is  no  question  that  the  change  to  a 
programmable  onboard  system  for  OAO  will 
impact  the  ground  operations  in  several  ways. 
For  instance,  the  ground  computers  and  their 
software  must  be  able  to  determine  the  health 
of  the  computer  and  must  be  versatile  enough 
to  implement  the  various  work-around 
features  previously  discussed.  They  must  also 
be  able  to  process  the  OBP  outputs  into 
meaningful  information.  In  exchange  for  this 
added  burden,  the  OBP  adds  a new  dimem^  n 
to  the  flexibility  with  which  the  OAO  may  be 
operated.  Evidence  of  this  is  the  ability  to 
operate  from  only  two  ground  stations  rather 
than  the  present  five. 

Any  ^unction  that  is  monitored  by  the 
ground  stations  may  be  monitored  all  the 
time  by  the  OBP.  Furthermore,  if  the  grou  nd 
would  normally  take  command  action  if  a 
given  function  went  out  of  limits,  this,  too, 
could  be  put  into  the  OBP.  ^Jnfortunaiiy,  it 
is  very  h^  to  predict  all  the  combinations 
and  to  determine  the  appropriate  responses; 
however,  the  reprogrammabiUty  allows  us  “to 
grow  into”  this  kind  of  operation.  In  effect, 
we  can  treat  the  computer  as  if  it  were  a full- 
time control  station  and  can  allow  it  to  moni- 
tor and  to  correc’  things  if  necessary.  ^At  the 
present  time,  that  same  prcUem  might  con- 
tinue fo ' a few  orbiti  before  it  could  be  cor- 
rected.) io  addiUon,  highly  compUx  decision 
algorithms  can  be  implemented,  much  more 
complex  than  would  be  attempted  in  iiard- 
ware. 
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Conclusion 

The  spaceworthy  general-purpose  com- 
puter is  a natural  tool  for  use  in  an  astro- 
nomical observatory.  The  technology  is 


adequate  for  such  a machine  and  Us  costs  in 
terms  of  dollars,  size,  weigiit,  and  power  con- 
sumption are  competitive  with  an  all- 
hardware spacecraft 
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^ trapped 

« difwiQP  |^?n||>  or  an  ion  pump.  The  typical 
f pressures  is  10"^  to  10“*  torr. 

Cold  Wall  Systems 


Space  simulators  frequently  incorporate 
a liquid*nitrogen-cooled  liner  or  shroud  in  the 
vacuum  chamber  for  thermal  simulation. 
These  cold  panels  provide  a remarkably 
effective  pump  for  “condensible”  vapors 
(principally  water  vapor),  which  are  the  major 
components  of  outgassing.  Hidden  panels 
operated  at  about  20‘*K  are  often  incorpo- 
rated  in  large  facilities  to  pump  gases  like 
' nitrogen,  oxygen,  and  argon.  (There  are  some 

facilities  where  the  cold  panels  are  maintained 
at  4°K  with  liquid  helium.  These  facilities 
pump  ail  gases  except  hydrogen  and  helium.) 
The  cold  surfaces  are  supplemented  with  con- 
ventional ion  or  diffusion  pumps  to  handle 
the  noncondensible  gases. 

In  these  vacuum  facilities,  the  high- 
speed, widely  distributed  pumping  produces  a 
residual  gas  environment  with  strongly  direc- 
tional properties  for  the  gases  and  vapors 

* putnped.  the  pressure  and  temperature  of  the 
gases  are  diHicult  to  define.  Instead,  it  is  use- 
ful to  think  of  the  rate  of  arrival  cf  gas 
molecules  on  the  surface  of  the  item  tested 
(molecular  flux  density)  and  the  average 
energy  of  these  molecules.  Typically,  the  gas 

• molecules  impingeing  on  the  test  item  will 
consist  mostly  of  test-item  outgassing  prod- 
ucts imperfectly  pumped  by  the  cold  panels 
lining  the  test  chamber.  There  may  also  be 
some  vacuum-chamber  outgassing  products 

i and  pump-oil  backstreaming.  Because  the 

I space  environment  has  a low  density  of 

I naturally  occurring  gas,  the  incidence  rate  of 

I environmental  gas  on  the  spacecraft  is  low; 

f and  the  return  of  spacecraft  outgassing 

!f  products  to  spacecraft  surfaces  is  also  low. 

I The  cold-wall  vacuum  chamber  tends  to 

I simulate  this  kind  of  environment. 

I Ultra-High  Vacuum  System 

Two  approaches  are  used  when  seeking 
ultra-high  vacuum.  First,  the  pumping  speed 


may  be  increased;  second,  the  gas  load  may  be 
reduced.  Usually  both  are  e.nployed.  A third 
factor  to  be  considered  is  the  ultimate  pres- 
sure capability  of  the  pumping  system  used. 

Increasing  the  pumping  speed  has 
practical  limitations  closely  approached  oy 
the  systems  with  4®K  or  20“  K cold  liners. 
Sometimes  they  are  provided  with  fins  or 
v/edges  like  an  anechoic  chamber.  While  these 
pumping  methods  can  reduce  the  molecular 
flux  incident  on  the  test  item  to  a very  low 
level,  little  can  be  do>ie  about  the  density  of 
the  outgassing  stream  emitted  by  the  test 
item. 

The  more  conventional  approach  to 
ultra-high  vacuum  relies  upon  reducing  the  gas 
load  by  a careful  choice  of  materials  and  by 
bakeout  of  the  high  vaccum  zone  while 
pumping.  With  small  gas  loads,  it  is  possible  to 
reach  1(T*  to  KT*  torr  without  bakeout  and 
to  reach  HT*’  to  1(T‘'*  torr  with  bakeout 
and  speci'il  pumping  systems.  Baked  systems 
offer  a relatively  high  degree  of  cleanliness 
but  are  often  not  applicable  to  space 
simulation. 

Types  of  Pumping  Systems 

Pumping  systems  can  be  divided  into 
two  general  types;  those  used  for  initial 
exhaust  starting  from  atmospheric  pressure, 
the  “roughing  process,”  and  those  used  for 
high  vacuum  pumping.  Fhe  crossover  from 
one  pumping  type  to  another  occurs  at  a pres- 
sure between  a few  tenths  of  a torr  and  a few 
thousandths  of  a torr  in  a typical  system.  This 
pressure  level  also  marks  the  transition  from 
continuum  behavior  of  gases  (viscous  flow)  to 
molecular  !;ehavior. 

Roughing  Pumps 

Mechanical,  positive-displacement, 
roughing  pumps  are  usually  oil-sealed,  rotary 
vane  or  rotary  piston  pumps,  but  they  are 
often  supplemented  in  large  facilities  with 
positive  displacement  blowem.  The  latter 
offer  relatively  high  pumping  speeds  and 
somevdiat  greater  vacuum  capability  but  must 
be  limited  to  pressure  ratios  of  not  more  than 
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2 or  3.  Consequently,  they  are  frequently 
used  as  boosters  ahead  of  oil-sealed  pumps. 
The  principal  advantages  of  mechanical 
roughing  punq>s  are  that  they  remove  all  the 
constituents  of  air  equally  well,  that  they  can 
pump  continuously  for  long  periods  of  time, 
and  that  they  can  be  used  to  “back”  diffusion 
pumps.  The  principal  disadvantage  is  that 
they  backstream  relatively  large  quantities  of 
a relatively  high  vapor-pressure  oil  whenever 
inlet  pressures  become  less  than  0.01  torr. 

Cryosorption  on  liquid-nitrogen-cooled 
zeolite  or  molecular  sieve  materie'  is  often 
used  as  a roughing  method.  The  principal 
advantage  of  this  method  is  the  avoidance  of 
possible  oil  backstreaming.  The  principal  Ji»- 
advantage  of  this  method  is  the  difficulty  of 
pumping  air  constituents  such  as  helium, 
hydrogen,  neon,  and  argon.  These  residues  are 
difficult  to  pump  with  an  ion  pump  if  this  is 
the  mode  of  high  vacuum  pumping  chosen. 
Therefore,  for  best  performance,  the  air 
should  be  purged  from  the  hig^  vacuum 
chamber  with  nitrogen  before  cryosorption 
pumping  is  started.  Cryosorption  pumps  are 
seldom  used  except  on  small,  ion-pumped 
systems  but  are  quite  common  on  this  type  of 
equipment. 

Several  other  types  of  roughing  pumps 
exist,  such  as  air  or  water  aspirators  and  steam 
ejecton,  but  they  are  in  limited  use. 

High  Vacuum  Pumps 

High  vacuum  pumping  is  commonly 
accomplished  with  one  or  more  of  four  types 
of  pumps:  diffusion  pumps,  ion  pumps,  sub- 
limation pumps,  and  cryogenic  pumps. 
Variations  on  these  and  additional  types  of 
pumps  are  too  numerous  to  mention. 

Ofl-vapor  diifiision  pumps  have  been  a 
worichorse  of  the  vacuum  industry  fot  several 
decades.  These  pumps  can  pump  most  gases 
and  vapon  with  high  efficiency;  about  40  to 
SO  percent  of  the  molecules  entering  the 
mouth  of  the  pump  will  be  pumped.  The 
principal  difficulties  of  the  diffusion  pump 
result  from  the  presence  of  the  pump  oil  and 
its  vapor.  The  oil  has  limited  life  and,  in  some 
cases,  is  severely  degraded  if  expos^  to  air 


when  hot.  The  oil  vapor  and  possibly  oil 
droplets  are  backstreamed  into  the  higli 
vacuum  zone  unless  carefully  trapped.  This  oil 
often  represents  an  unacceptable  degree  of 
contamination.  The  most  important  features 
of  traps  are  ( 1 ) as  a barrier  to  prevent  oil 
vapor  byi»assing  the  baffles,  (2)  as  an  efficient 
baffle  structure  tliat  prevents  oil  molecules 
from  .'I'iSsing  through  the  trap  without  con- 
tacting the  baff ; surface  at  least  once  nr 
preferably  twice,  and  (3)  as  an  operating  tectr 
nique  that  minimizej  the  operating  time  in 
the  viscous-to-molecular-flow  transition 
regime  where  the  scattering  of  oil  molecules 
by  air  molecules  makes  the  trap  ineffective. 
Notwithstanding  the  oil  problems,  the  effi- 
cient pumping  and  easy  starting  of  the 
diffusion  pump  make  it  a very  useful  and 
widely  used  device. 

Ion  pumping  is  done  principally  with  the 
several  varieties  of  cold-cathode,  sputter-ion 
pumps  and  to  a lesser  extent  with  hot-cathode 
“orbition”  pumps.  These  pumps  have  the 
advantages  of  being  quiet,  oil-free,  not 
requiring  traps,  and  providing  a pressure 
readout.  An  ion-pump  system  forms  a sealed- 
off  vacuum  system  that  does  not  have  to  be 
vented  in  rise  of  power  failure.  On  the  other 
hand,  the  pumps  are  sometimes  difficult  to 
start,  have  limited  life  because  the  gases 
pumped  remain  inside  the  pump,  have  rela- 
tively poor  pumping  speeds  for  noble  gases 
and  hydrocarbons,  tend  to  re-emit  gases 
previously  pumped  and  have  strong  magnetic 
fields.  Chemical  reactions  occur  in  the  high 
voltage  discharge  and  on  the  clean  metal  su^ 
faces  inside  the  pump.  Water  vapor  reacts 
with  carbon  in  the  pump  metals  to  produce  a 
variety  of  light  hydrocarbons  in  appreciable 
quantities. 

Between  these  two  major  pump  types, 
ion  pumps  are  most  useful  where  gas  loads  arc 
relatively  small,  and  liquid  nitrogen  for  traps 
is  inconvenient  to  provide.  Diffusion  pumps 
are  most  useful  where  gas  loads  may  be  large 
or  of  a type  not  pumped  well  by  ion  pumps. 
Diffusion  pumps  usually  require  vapor  traps. 
Surprisingly,  upon  comparing  well-trap, 
diffiision-puroped  systems  with  good  ion- 
pumped  systems,  there  is  very  Uttle  difference 
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in  the  ultimate  vacuum  attainable,  the  cleanli- 
ness, the  residual  gas  atmosphere,  or  the  cost. 
In  our  experience,  the  diffusion  pump  comes 
out  slightly  ahead  on  all  counts. 

The  other  two  pumping  techniques  are 
generally  used  to  supplement  the  two  just 
described.  Cryopumping  was  desciibed  in  con- 
nection with  cold-wall  vacuum  systems.  It  is 
commonly  used  in  large  facilities  where  it  is 
the  only  practical  means  of  obtaining  the 
desired  pumping  speeds.  The  principal  dis- 
advantage is  the  release  of  condensed 
materials  when  the  cold  panels  aie  warmed 
prior  to  shutting  down  the  vacuum  system. 

Sublimation  pumps  capture  gases  by 
absorbing  them  on  clean,  metallic  surfaces 
formed  by  subliming  metals  under  vacuum. 
The  effect  is  greatly  enhanced  if  the  surfaces 
are  cooled  to  liquid  nitrogen  temperatures. 
Chemically  active  pses  are  pumped  quite  well 
by  sublimators,  but  noble  gases  are  pumped 
to  a very  limited  extent.  Sublimators  are  a 
relatively  cheap  way  to  provide  a very  high 
pumping  speed.  Two  interesting  results  occur 
when  a cryosublimator  is  used  as  a trap.  First, 
extremely  high  levels  of  cleanliness  can  be 


realized.  Second,  if  the  outgassing  load  in  the 
vacuum  chamber  is  low,  the  cryosublimation 
trap  reduces  the  gas  load  contributed  by  the 
pumping  components  appreciably,  thus  giving 
a substantial  improvement  in  vacuum  level.  In 
fact,  in  baked  systems,  this  technique  permits 
reaching  pressures  of  10"*^  and  10**^  torr 
quite  easily. 

Summary 

Three  major  types  of  vacuum  systems 
have  been  described;  the  basic  system,  the 
cold-wall  system,  and  the  ultra-high  vacuum 
system.  The  vacuum  level  achieved  is 
dependent  on  the  gas  load,  pumping  speed, 
and  ultimate  pressure  of  the  pump  subsystem. 
Pumping  subsystems  consist  of  roughing 
systems  and  hi^  vacuum  systems.  The  latter 
are  principally  ion  pumps,  diffusion  pumps, 
cryopumps,  and  sublimation  pumps.  The 
major  advantages  and  disadvantages  of  these 
have  been  discussed.  The  proper  operating 
techniques  are  important  in  obtaining  good 
performance  from  these  systems. 
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Introduction 

This  paper  gives  (1)  an  overview  of  space 
thermal-simulation  used  in  testing  full  space- 
craft systems  and  suggestions  of  research  areas 
thought  to  be  significant  in  advancing  tech- 
nology in  order  to  provide  a capability  to  test 
large  ultraviolet  telescopes  of  the  future  and 
(2)  an  abbreviated  state-of-the-art  review  of 
the  system  test,  space  thermal-simulator  field, 
and  some  of  the  factors  influencing  the  results 
obtained  in  thermal-balance  testing  of 
spacecraft. 

Overview  of  Space  Thermal-Simulation 

Simulation  of  the  space  thermal  environ- 
ment in  spaceuaft  system  testing  is  done  to 
help  to  determine  whether  the  craft  is  capable 
of  performing  the  functions  specified  for 
orbit.  This  determination  often  requires 
phasing  of  the  thermal  tests  so  that  functional 
limits  of  various  design  features  can  be 
properly  investigated.  Space  thermal -simula- 
tion approaches  used  in  system  testing  are 
numerous.  They  are  related  to  the  confidence 
in  the  thermal  design  of  a given  spacecraft  and 
the  data  needed  to  determine  the  adequacy  of 
the  design. 

Nearly  all  spacecraft  design  criteria 
specify  the  temperature  range  in  which  the 
equipment  and  structure  are  to  be  maintained 
throughout  the  mission.  When  there  is  ade- 
quate confidence  in  the  thermal  design,  the 
primary  concern  in  thermal  simulation  is  to 
create  temperature-vacuum  boundary  levels  so 
that  operational  aspects  of  the  craft  can  be 
properly  demonstrated.  It  is  clear  that  the 
conditioning  can  be  conservative  and  that  the 
operational  performance  of  the  spacecraft 


may  be  demonstrated  at  temperatures  (in 
vacuum)  more  severe  than  those  expected  for 
the  mission;  however,  care  is  required  in 
thermal-vacuum  functional  testing  so  that  the 
less  obvious  interactions  are  not  omitted. 
Programs  such  as  the  Interplanetary  Moni- 
toring Platform  (IMP),  Tiros  Operational 
Satellite  (TOS),  Nimbus,  and  the  Orbiting 
Solar  Observatoiy  (OSO)  are  examples  where 
similarity  between  spacecraft  models  coupled 
with  orbital  experience  has  permitted  a 
number  of  spacecraft  to  be  flown  after 
thermal-vacuum  tests  but  without  thermal- 
balance  tests.  A further  step  in  this  direction 
is  the  experience  of  the  Lockheed  Missiles  and 
Space  Company,  where  a one-of-a-kind  design 
was  flown  without  thermal-balance  testing 
(ref.  1). 

For  the  complex  one-  or  two-of-a-kind 
spacecraft  designs,  the  technical  uncertainty 
and  economic  risk  of  overlooking  a critical 
thermal/functional  interaction  has  created 
demands  for  obtaining  spacecraft-system-test 
thennal  simulators  in  which  the  uncertainties 
can  be  resolved.  Today’s  space  thermal  simu- 
lation and  test  practices  actually  result  in  a 
convergence  and  minimizing  of  the  unknowns 
in  the  risk  situation.  The  thermal-control 
treatment  of  the  spacecraft  system  is  usually 
evaluated  under  a closely  controlled  heat- 
balance  experiment.  Depending  upon  the 
spacecraft  design  and  simulator  fidelity, 
critical  spacecraft  functional  interactions  may 
be  demonstrated  during  the  thermal-balance 
test.  Where  simulator  limitations  or  stimulus 
requirements  do  not  permit  this,  separate 
functional  tests  under  forced  temperature 
conditions  are  called  for. 

Thermal-control  or  thermal-balance 
testing  of  most  complex  spacecraft  systems 
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i^est  solar  simulator)  requires  an 
tintkhate  coupling  with  thermal  analytical 
models  that  are  used  to  predict  the  tempera- 
ture performance  of  the  craft  in  orbit.  This  is 
particularly  necessary  since  the  best  simulator 
does  not  duplicate  the  space  thermal 
environment— thus,  the  need  for  the  experi- 
mental approach.  The  simulator  inputj  and 
sinks  are  defined,  and  a thermal  result  is  pre- 
dicted for  the  craft  by  using  the  orbital 
analytic  model.  Refinements  are  usually  re- 
quired to  perfect  the  algorithm  to  describe 
the  physical  model  more  adequately.  Where 
analytic  modeling  is  not  possible  due  to  in- 
tractability or  lack  of  capability,  the  demands 
for  realism  in  the  environmental  simulation 
are  severe. 

In  the  past,  such  problems  have  been 
primarily  where  there  is  lack  of  art  in  pre- 
dicting multiple  reflections  between  surfaces 
of  the  spacecraft;  e.g.,  the  thermally  sensitive 
open-frame  type  of  structures.  It  does  appear 
that  mathematical  corrections  can  be  made 
for  solar  simulator  imperfections  in  spectral 
distribution,  total  intensity,  and  heat  sink 
properties.  The  effect  of  deviations  in  field 
angle  (subtense  angle)  of  the  simulated  source 
as  compared  to  the  space  source,  however,  is 
difficult  to  analyze  and  could  prove  intracta- 
ble for  some  designs,  such  as  an  expanded 
mesh  structure.  This  point  is  also  indicative  of 
the  problems  and  uncertainty  in  simulating 
space  thermal  flux  using  heater  elements, 
heater  blankets,  etc.  In  such  approaches,  the 
reflection  (and  flux  trapping)  characteristic 
of  the  spacecraft  configuration  are  not  tested. 

Two  simulation  approaches  are  used  In 
thermal-balance  testing  of  spacecraft  syTems. 
Either  technique  also  may  be  used  to  validate 
the  functional  performance  of  the  spacecraft: 

1 . Simulation  of  the  incident  solar 
irradiation  by  using  light  sources  and  optical 
systems  to  produce  total  flux  and  spectral 
UTadiance  at  subtense  angles  approaching  the 
sun  for  wavelengths  0.2S  micron  to  2.6 
microns. 

2.  Simulation  of  the  effects  of  space 
thermal  sources  by  inducing  an  equivfdent 
absorbed  flux  by  the  craft-heater  blankets, 
plates,  or  infrared  lamps  used. 


For  solar  simulation,  an  energy  uncer- 
tainty band  on  the  order  of  5 to  7 percent 
due  to  radiometry  and  spcctroradiometry 
capability  and  a ±2°C  thermocouple  accuracy 
are  estimated  for  the  well-run  spacecraft 
system  test.  For  a spacecraft  with  a mean 
temperature  of  25°C,  the  uncertainty  in 
boundary  flux  and  temperature  leads  to  an  un- 
certainty in  average  temperature  on  the  order 
of  6°C.  Experience  with  the  enclosed-shell, 
passive-thermal-control  type  of  spacecraft 
structures  indicates  that  thermal  analytic 
models  of  the  spacecraft  can  be  adjusted  to 
agree  with  test  results  mthin  5°C.  Correla- 
tions better  than  this  should  not  be  expected 
because  uncertainties  in  the  boundary  do  not 
warrant  it.  The  degree  of  temperature  correla- 
tion between  predictions  from  the  perfected 
analytic  model  (by  test)  and  orbit  seem 
biased;  the  predictions  are  generally  colder. 
Orbital  experience  on  passive  thermal  designs 
seems  to  indicate  that  correlation  on  some 
occasions  has  been  within  5°C,  often  is  within 
10®C,  and  occasionally  is  as  poor  as  30“  C. 
These  results  are  attributed  to  (1)  inaccuracies 
in  measuring  the  test  boundary  and/or  in  the 
analytic  processing,  (2)  unexpected  degrada- 
tion or  change  in  thermophysical  properties, 
(3)  test/analytic  omissions,  and  (4)  uncer- 
tainties in  the  natural  environment.  While 
accuracy  in  predicting  temperature  level  is  on 
the  order  of  10“C  for  passive  systems,  active 
systems  indicate  control  on  the  order  of  4“C 
and  less.  Prediction  of  gradient  across  a 
thermally  isolated,  solid  member  such  as  a 
mirror  is  estimated  to  be  better.  Almgren  and 
Coyle  estimate  that  prediction  of  gradients  on 
the  order  of  1“C  is  possible  for  members  one 
meter  or  so  in  length  (ref.  2). 

R.  E.  Danielson  pointed  out  the  nature 
of  the  thermal  control  problem  with  telescope 
primary  mirrors  of  40  inches  in  size  (ref.  3). 
Active  focus  adjustment  of  the  secondary 
mirror  could  compensate  for  uniform  distor- 
tion of  the  primary  mirror;  i.e.,  where  the 
primary  curis  in  or  out  uniformly.  Small  non- 
uniform  temperature  gradients  throu^  the 
primary,  side-to-side  or  front-to-back,  would 
be  detrimental  to  the  optical  performance.  In 
reference  3,  it  was  indi-:»ted  for  the  assumed 
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materials  that  calculated  temperature  gradi- 
ents across  the  40-inch  diameter  of  4°C  and 
through  the  thickness  (one  side  of  the  mirror 
to  the  other)  of  0.1°C  would  cause  the  mirror 
to  distor*  beyond  acceptable  tolerances. 
Extrapolation  of  these  tolerances  places  the 
acceptable  gradient  tolerance  for  a 120-inch 
mirror  in  the  range  of  1°C  and  less.  It  seems 
that  the  accuracy  in  thermal-  simulation 
testing  and  analytical  treatment  would  have 
to  be  improved  considerably  in  order  to 
design  and  to  verify  the  temperature  control 
of  large  diffraction-limited  telescopes  of  the 
future.  The  question,  however,  is  what  to  im- 
prove? 

In  considering  this  aspect,  it  is  assumed 
that  the  telescope/spacecraft  thermal  design 
could  generally  proceed  along  the  lines  al- 
ready being  used  in  the  OAO  program.  Thus, 
the  problem  is  scale  and  improved  accuracy. 
The  following  list  includes  those  areas  of  re- 
search thought  i,by  the  author)  to  be  fruitful 
toward  thermally  testing  and  evaluating 
future  soacecraft  with  large  ultraviolet  tele- 
scopes: 

1.  Advance  analytical  programs  to  pre- 
dict the  design  performance  by  integrating  the 
thermal,  structural,  and  optical  disciplines. 
(Reasonable  computing  time  and  mechaniza- 
tion of  the  input  and  output  is  essential.) 
Advance  subelement  analysis  and  testing  of 
joints,  insulation,  coatings,  etc.  to  provide  a 
boundary  on  the  uncertainties  in  those 
properties  which  influence  the  accuracy  of 
the  analytical  prediction. 

2.  Advance  thermal/structural/optical 
scale  modeling  in  concert  with  item  #1  above. 
Develop  fidelity  in  the  modeling  to  magnify 
an  effect  or  parameter  so  as  to  better  resolve 
the  accuracy  in  the  design;  e.g.,  model  to  in- 
crease thermal  gmdients  by  a factor  of  two  or 
more. 

3.  Advance  simulation  of  earth  albedo 
and  infrared  irradiance  for  inclusion  in 
medium-sized  solar  test  chambeis  for  scale 
model  testing.  Develop  analysis  that  would 
permit  better  prediction  of  the  effect  of  these 
flux  on  a given  spacecraft  configuration. 

4.  Advance  methods  to  simulate  earth 
albedo  and  infrared  irradiance  across  full-sized 


telescope  apertures.  (This  may  not  be  re- 
quired, but  it  seems  wise  tc  prepare  for  it.) 

5.  Advance  temperature  sensing  accu- 
racy for  both  attached  and  detached  (e.  g., 
radiometric)  sensing  of  temperature  across  the 
surface  of  a mirror. 

6.  Advance  infrared  spectroradiometry 
for  accurate  chamber  calibration. 

7.  Perfect  infrared  simulation  tech- 
niques, particularly  the  heater  skin  concept. 
Improve  flux  uniformity,  density,  and  control 
accuracy. 

8.  Continue  advancement  of  solar  simu- 
lation (sources,  instrumentation,  etc.)  to  per- 
fect small  area  simulators  for  maximum 
utility  in  scale  model  testing.  Develop  design 
approaches  adaptable  to  large  area  system  in 
case  the  need  arises. 

State-of-the-Art  Survey 

Consideration  of  the  state-of-the-art  in 
the  simulation  of  the  space  thermal  environ- 
ment has  as  a starting  point  the  natural  en- 
vironment and  the  assumptions  that  pertain 
to  it.  If  only  near-earth  orbits  are  considered 
and  lunar  effects  are  neglected,  the  natural 
thermal  environment  affecting  the  heat 
balance  of  a spacecraft  includes  the  space  heat 
sink,  vacuum,  and  thermal  flux  from  the  sun 
and  earth. 

Except  for  the  sun  and  earth,  space 
viewed  by  the  spacecraft  has  the  property  of 
an  infinite  heat  sink  with  a temperature  near 
absolute  zero.  If  reflection  and  radiation 
between  spacecraft  members  are  omitted, 
heat  emitted  by  the  spacecraft  is  not  returned 
to  it. 

The  molecular  flux  density  varies  with 
distance  from  the  earth,  and,  at  altitudes  on 
the  order  of  300  nautical  miles,  vacuum  of 
lO"*  and  1(T‘®  torr  prevails.  Heat  transfer  in 
nonsealed  systems  is  by  radiation  and  by  con- 
duction through  contacting  members  of  the 
spacecraft. 

The  following  sun  and  earth  thermal  flux 
influence  the  heat  balance  of  the  spacecraft 
and  are  of  msyor  importance  to  thermal 
design  and  to  simulation:  (1)  solar  insolation, 
(2)  earth  reflection  (albedo),  and  (3)  earth 
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emitted  (infrared).  Two  factors  to  be  con- 
sidered about  these  flux  on  the  surface  of  a 
spacecraft  are  the  total  irradiance  and  the 
spectral  distribution. 

Solar  Irradiance 

The  total  irradiance  due  to  the  sun  at  the 
average  sun-earth  distance  (1  angstrom  unit) 
in  the  absence  of  the  earth’s  atmosphere  is 
defined  as  the  solar  constant.  Most  authorities 
consider  the  irradiance  to  be  highly  constant, 
at  least  within  the  limits  of  experimental 
erro*.  Variability  due  to  sunspot  cycles,  solar 
flares,  and  other  visible  surface  phenomena  of 
the  sun  is  not  over  ±1  percent  (ref.  4). 

Seasonal  variations  are  approximately 
±3.4  percent  with  minimum  irradiance  at 
aphelion  in  July  and  the  maximum  at  peri- 
helion in  January.  For  most  purposes,  the  sun 
can  be  considered  a point  source  at  planetary 
distances,  and  the  solar  irradiance  follows  the 
inverse  square  law.  At  1 angstrom  unit,  the 
sun  subtends  an  an^e  of  3 2 minutes. 

The  value  of  the  solar  constant  has 
undergone  numerous  revisions.  Table  1 shows 
the  proposed  revisions  of  the  solar  constant 
since  1940. 

Prior  to  1968,  the  value  of  the  solar  con- 
stant most  commonly  accepted  in  the  United 
States  was  139.6  mWcm"^.  This  value  was 
derived  by  F.  S.  Johnson  from  ground  data 
obtained  by  the  Smithsonian  Institution  and 
supplemented  by  the  measurements  of  the 
Naval  Research  Laboratory  in  the  ultraviolet 
by  rocket-borne  instruments.  Johnson  also 
proposed  a spectral  irradiance  curve  for  the 
wavelength  range  0.22  to  7.0  microns  which 
has  been  widely  accepted  (ref.  5).  Recently, 
direct  measurements  obtained  from  above 
most  of  the  atmosphere  seem  to  show  that 
the  JohnMin  value  of  the  solar  constant  is  too 
high.  The  Goddard  measurements  are  most 
extensive  and  were  obtained  by  using  four 
different  total  energy  detectors  over  a 
1 S-hour  sampling  period  (ref.  6).  The  value  by 
Laue  and  Drummond  was  obtained  during  a 
23-second  interval  at  82  kilometers  from  an 
X-IS  aircraft  (ref.  7).  The  Murcray  group 
obtained  data  from  nine  observations  on  three 


Table  1.  Revisions  of  the  Solar  Constant 


Author 

Year 

Solar  Constant 
(mW  cm'^) 

P.  Moon 

1940 

132.3 

L.  B.  Aldrich  & G.  C.  Abbot 

1948 

132.6 

W.  Schupp 

1949 

136.7  to 
141.6 

C.W.  Allen 

1950 

137.4 

L.  B.  Aldrich  & W.  H.  Hoover 

1952 

134.9 

F.  S.  Johnson 

1954 

139.6 

R.  Stair  & R.  G.  Johnston 

1956 

143.0 

C.W.  Allen 

1958 

138.0 

£.  G.  Laue  & A.  J.  Drummond 

1968 

136.1 

D.  G.  Murcray 

1968 

133.4 

M.  P.  Thekaekara  et  al 

1969 

135.1 

different  days  from  a 31 -kilometer  altitude 
(ref.  8).  Ad^tional  data  has  recently  been 
obtained  from  a cone  radiometer  on  board 
the  Mars-Mariner  69  flight;  however,  the  data 
have  not  yet  been  published. 

On  the  basis  of  the  new  flight  data,  it  has 
been  proposed  by  the  Goddard  group  that 
135.1  mWcm'*  be  accepted  as  the  revised 
value  of  the  solar  constant  (ref.  6).  An 
important  fact  is  that  a difference  of  3.3  per- 
cent exists  between  the  Johnson  value  and  the 
proposed  revision.  Further,  the  accuracy  of 
the  new  value  is  placed  at  ±2.8  mWcm~^, 
approximately  ±2  percent. 


Solar  Spectral  Irradiance 

The  Goddard  experimenters  have  also 
proposed  a table  of  values  of  spectral  irradi- 
ance of  the  sun  for  zero  air  mass  and  for  the 
average  sun-earth  distance,  shown  in  table  2 
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Table  2.  Solar  Spectral  Irradiance  (Based  on  Measurements  on  Board  NASA-711  “Galileo"  at  38,000  feet.) 


.1' 

ii- 


k 

j. 

f 

I 


a 


I- 

f 


V 

i 


K 

Dv 

K 

K 

IB 

0.140 

0.0000048 

0.00050 

0.1191 

8.189 

0.630 

0.1542 

39.26 

3.8 

0.00111 

98.902 

0.150 

0.0000176 

0.00059 

0.1433 

(.675 

0.640 

0.1517 

40.39 

3.9 

0.00103 

98.982 

0.160 

0.000059 

0.00087 

BPS 

0.1651 

f).245 

0.650 

0.1487 

41.50 

4.0 

0.00095 

99.055 

0.170 

0.00015 

0.00164 

BPS 

0.1759 

9.876 

0.660 

0.1468 

42.00 

4.1 

0.00087 

99.122 

0.180 

0.00035 

0.00349 

RS 

0.1783 

]0.S3 

0.670 

0.1443 

43.67 

4.2 

0.00078 

99.132 

0.190 

0.00076 

0.00760 

0.420 

0.1758 

11.19 

0.680 

0.1418 

44.73 

4.3 

0.00071 

99.238 

0.200 

0.00130 

0.01S2 

0.1705 

IlS 

0.1398 

45.78 

4.4 

0.00065 

99.289 

0.205 

0.00167 

0.0207 

BPm 

0.1651 

BES 

0.1369 

46.80 

4.5 

0.00059 

99.335 

0.210 

0.00269 

0.0288 

BPSk 

0.1675 

13.06 

0.710 

0.1344 

47.80 

4.6 

0.00053 

99.376 

0.215 

0.00445 

0.0420 

0.440 

0.1823 

13.71 

0.720 

0.1314 

48.79 

4.7 

0,00048 

99.414 

0.220 

0.00575 

mm 

0.1936 

14.41 

0.730 

49.75 

4.8 

0.00045 

99.448 

0.225 

0.00649 

B9 

ESS 

15.14 

0.740 

0.1260 

50.69 

4.9 

0.00041 

99.480 

0.230 

0.00667 

ISI 

0.455 

0.2070 

15.90 

0.750 

0.1235 

51.62 

5.0 

0.000383 

99.509 

0.235 

0.00593 

3.1312 

0.460 

16.66 

0.800 

0.1107 

55.95 

6.0 

0.000175 

99.716 

0.240 

0,00630 

0.1534 

0.465 

17.43 

0.850 

0.0988 

59.83 

7.0 

0.000099 

99.817 

0.245 

0.00723 

0.1788 

0.2045 

18.19 

0.0889 

63.30 

8.0 

0.000060 

99.876 

0.250 

0.00704 

0.475 

0.2055 

18.95 

0.950 

0.0835 

66.49 

9.0 

0.000038 

99.912 

0.255 

0.0104 

0.2085 

19.72 

■WiTiTi] 

0.0746 

69.42 

10.0 

0.00002S 

99.935 

0.260 

0.0130 

0,485 

20.47 

1.1 

0.0592 

74.37 

11.0 

0.0000170 

99.951 

0.265 

0.0185 

0.3391 

0.1959 

21.20 

1.2 

0.0484 

78.35 

12.0 

0.0000120 

99.962 

0.270 

0.0232 

0.4163 

0.495 

0.1966 

21.92 

1.3 

0.0396 

81.61 

13.0 

0.0000087 

99.969 

0.275 

0.0204 

3.4960 

0.1946 

22.65 

1.4 

0.0336 

84,32 

0.0000055 

99.975 

0.280 

0.0222 

B^S 

0.1922 

23.36 

1.5 

0.0287 

86.62 

0.000004^ 

99.9785 

0.285 

0.0315 

0.6752 

BPff! 

0.1882 

1.6 

0.0244 

88.59 

16.0 

0.0000038 

99.9817 

0.290 

0.0482 

0.8225 

0.515 

0.1833 

24.76 

1.7 

0.0202 

90.24 

0.0000031 

99.9843 

0.295 

0.0584 

1.020 

0.1833 

25.43 

1.8 

0.0159 

91.58 

18.0 

0.0000024 

99.9863 

0.300 

0.0514 

1.223 

0.525 

0.1852 

26.12 

1.9 

0.0126 

92.63 

19.0 

0.0000020 

99.9879 

0.305 

0.0602 

0.1842 

26.80 

0.0103 

93.48 

20.0 

0.0000016 

99.9893 

0.310 

1.668 

0.535 

0.1818 

27.48 

2.1 

0.0090 

94.19 

100.0 

0.315 

0.0757 

1.935 

0.1763 

28.14 

2.2 

0.0079 

94.82 

0.320 

0.0819 

2.227 

0.545 

0.1754 

28.80 

2.3 

0.0068 

95.36 

0.325 

2.555 

0.1725 

29.44 

2.4 

0.0064 

95.85 

0.330 

0.1037 

2.925 

0.555 

0.1720 

30.08 

2.5 

0.0054 

96.287 

0.335 

0.1057 

3.312 

0.560 

0.1695 

30.71 

2.6 

0.0048 

96.664 

0.340 

3.702 

0.565 

0.1700 

31.34 

2.7 

0.0043 

97.001 

0.345 

0.104? 

4.090 

0.570 

0.1705 

31.97 

2.8 

0.0039 

97.305 

0.350 

0.1074 

4.483 

0.578 

0.1710 

3ieo 

2.9 

0.0036 

97.579 

0.355 

0.1067 

4.879 

0.1705 

33.23 

0.0031 

97.823 

0.360 

0.1055 

5.271 

0.565 

0.170a 

33.86 

Bgfl 

0.0026 

98.034 

\365 

0.1122 

5.674 

0.590 

0.1685 

34.49 

0.00226 

98.214 

0.370 

0.1173 

6.099 

0.598 

0.166S 

35.11 

BW 

0.00192 

98.368 

C.375 

0.1152 

6.529 

0.1M6 

36.72 

0.00166 

98.501 

0.380 

0.1117 

6.949 

0.1626 

36.33 

BPm 

0.00146 

98.616 

0.1097 

7.359 

0.610 

0.1611 

36.93 

8.6 

0.00185 

98.720 

1 0.390| 

0.1099 

7.765 

0.620 

0.1576 

38.11 

Dl 

0.00123 

98.816 

X-wavelength  in  microns; 

P)^-SoUr  Spectral  Irradiance  averaged  over  small  bandwidth  centered  at  X,  in  watts  rmT^  micron”* ; 
D^-percentage  of  the  Solar  Constant  associated  with  wavelengths  shorter  than  wavelength  X. 

Solar  Constant  0.13510  watt  cm”^ . 
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(ref.  6).  The  solar  spectral  irradiance  curve, 
shown  in  flgures  1 and  2,  was  derived  from 
table  2.  These  graphs  display  the  difference 
between  the  Johnson  curve  and  the  new 
curve.  The  wavelength  range  covered  by  the 


Goddard  measurements  is  0.3  to  15.0 
microns;  however,  for  completeness  and  for 
obtaining  an  integrated  value,  the  table  of 
values  has  been  extended  to  0.14  micron  in 
the  ultraviolet  and  to  20  microns  in  the 


Figure  1,  Solar  spectrum  for  zero  air  mass  from  NASA  711  Galileo;  0.2  to  2.6  microns,  compared  with  F.  S. 


2.5  3.0  3.5  4.0  4.0  6.0  8.0  10.0  12.0  14.0 


WAVELENGTH  > MICRONS 

Figure  2.  Sokr  spectrum  for  zero  air  mass  from  NASA  711  GaUleo:2.5  to  Mndcrons,  compered  with  F.  S, 

Johnson  curve. 
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infrared.  The  final  curve  was  obtained  by 
scaling  down  the  total  irradiance,  135.1 
mWcnf^,  by  0.1  percent  and  by  using  the 
weighted  average  of  five  spectroradiometric 
instruments  (Perkin-Elmer  0.3-to-4.0-micron 
instrument,  Leiss  monochromator,  filter 
radiometer,  and  polarization  interferometer 
for  0.3  to  2.6  microns,  and  Michelson  inter- 
ferometer for  2.6  to  15  microns). 

Table  2 and  figures  1 and  2 appear  to 
represent  the  first  direct  and  detailed  mea- 
surements of  the  solar  spectrum  from  above 
practically  all  the  atmosphere  water  vapor. 
The  Goddard  experimenters  estimate  that  the 
overall  accuracy  of  the  spectral  irradiance 
values  is  ±5  percent.  Table  3 compares  the 
absorption  percentage  of  solar  cells  and 
1 8 coatings  fbr  proposed  solar  curves  versus 
the  Johnson  solar  curve  (ref.  9).  It  is  inter- 
esting that  variation  between  the  most  recent 
Goddard  data  and  the  Johnson  curve  for  the 
coatings  selected  is  on  the  order  of  2 percent 
maximum. 

Solar  irradiance  at  different  distances 
using  the  proposed  revision  to  the  solar  con- 
stant value  are  given  in  table  h. 

Earth  Reflection  (Albedo) 

Solar  radiation  reflected  by  the  earth 
presents  a second  source  of  thermal  flux  to 
the  near-earth  orbiting  spacecraft.  A number 
of  meteorological  studies  of  the  albedo  since 
1948  estimate  the  average  value  between  0.33 
and  0.38  of  the  incident  solar  ladiation.  The 
widely  accepted  average  value  for  spacecraft 
design  is  35  percent  or  approximately  49 
mW  cm“* . The  amount  of  albedo  flux  inci- 
dent on  a spacecraft  is  dependent  upon  the 
subtense  an^e  of  the  sunlit  side  of  the  earth 
as  viewed  by  the  spacecraft. 

The  albedo  results  from  reflection  by 
cloud  layers  and  various  surface  features.  The 
instantaneous  total  irradiance  and  spectra) 
irradiance  is  variable  due  to  nonunifonr.  sur- 
face reflections  and  is  further  complicated  by 
(1)  variable  molecular  and  particle  scattering 
and  (2)  absorption  by  atmospheric  constit- 
uents. Figures  3 and  4 arc  selected  examples 


of  data  that  show  graphically  the  variability  in 
spectral  distribution  versus  sky  condition  and 
the  albedo  and  infrared  irradiance  as  a func- 
tion of  latitude  for  a mean  sky  condition.  It  is 
generally  thought  that  approximately  75 
percent  of  the  total  albedo  arises  from  cloud 
reflection  with  terrestrial/atmospheric  reflec- 
tion accounting  for  the  remainder. 

A precise  model  of  the  earth  albedo  for 
precise  thermal  design  and  simulation  is  not 
available.  The  albedo  models  being  used  at  the 
present  time  vary,  depending  upon  the  orbit, 
spacecraft  design,  and  designers’  preference. 
For  greater  orbital  distances,  the  albedo  is 
often  assumed  to  have  an  average  value  of 
35  percent  of  the  incident  solar  and  a spectral 
distribution  similar  to  the  sun.  For  near-earth 
orbits,  the  generalized  models  are  less  ade- 
quate, and,  in  some  instances,  a range  of 
albef’o  is  used  rather  than  the  average.  Table  5 
presents  a suggested  energy  distribution  as 
given  by  Mann  and  Benning  for  thermal  simu- 
lation (ref.  10).  It  is  important  to  note  that, 
since  1962,  large  amounts  of  data  have  been 
gathered  by  spacecraft-borne  radiometers. 
These  new  data  are  currently  being  reviewed, 
and  a NASA  design-criteria  monograph  is 
being  prepared. 

Earth  Emitted  (Infrared) 

A significant  third  source  of  irradiation 
is  due  to  the  earth  and  is  made  up  of  two 
components:  (1)  direct  radiation,  fiom  the 
earth’s  surface,  which  is  transmitted  through 
the  atmosphere  and  (2)  radiation  that  is 
emitted  by  the  atmosphere.  Of  the  65  percent 
of  the  solar  irradiation  which  is  absorbed, 
approximately  2.5  percent  is  re-radiated 
through  the  atmosphere;  and  62.5  percent  is 
re-radiated  by  the  atmosphere  (ref.  1 1 ).  Based 
on  earth  heat-balance  relationships,  the 
average  radiant  emission  from  the  earth  is  23 
mW  cm~^ . This  is  equivalent  to  the  emission 
of  a blackbody  at  a temperature  of  2S1**K. 
Except  for  a variation  on  the  order  of  several 
mW  cm‘*  associated  with  the  8.3-to- 
1 2.5-micron  window  and  the  emissivity  of  the 
atmosphere,  the  251**K  equivalent  blackbody 
model  has  favorable  acceptance. 
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Tabk  5.  Earth- Albedo  Spectral  Distribution 


Wavelength 
Band  (p) 

% of  Total 
Energy 

Energy  in  Band 
(W/cm*) 

Tolerance 

(%) 

0.3  to  0.4 

6.1 

0.003 

±30 

0.4  to  0.7 

42.8 

0.021 

±20 

0.7  to  1.3 

36.8 

0.018 

±20 

1.3  to  2.7 

14.3 

0.007 

±20 

Table  6.  Earth-Emitted  Spectral  Distribution 


Wavelength 
Band  (p) 

% of  Total 
Energy 

Energy  in  Band 
(W/cnf*) 

Tolerance 

(%) 

S.Oto  8.3 

8 

0.0018 

±30 

8.3  to  12.5 

27.5 

0.0062 

±30 

12.5  to  20.0 

31 

0.0071 

±30 

20.0  to  40.0 

28 

0.0064 

±30 

tolenuice  pertains  to  thermal  design  and  simu- 
lation. Thus,  designers  and  environmentalists 
devise  boundary  values  that  hopefully  are 
conservative  to  use  in  design  and  testing.  The 
root  sum  square  of  the  tolerance  values  for 
the  irradiance  terms  in  the  heat-balance  equa- 
tion, in  the  method  described  by  Kline  and 
McOmtock,  is  felt  to  yield  a mathematically 
conservative  2-sigtna  value  for  incident  flux 
(ref.  1 2).  The  engineering  judgment  in  selec- 
ting the  val'ie  of  the  ^ tolerance  is,  of  course, 
a very  important  consideration.  Absorbed 
flux  is  derived  by  including,  in  a similar 
maimer,  the  tolerance  for  uncertainty  in  the 
absorption  coeffleient  and  emissivity  of  the 
spacecraft  surfaces  (plus  any  flux  absorbed 
due  to  re-reflection  and  re-radiation  by  other 
parts  of  the  q>acecraft).  Expected  spacecraft 
nodal  (or  equipment)  temperatures  are  pre- 
dicted, or  found  by  testing,  using  these 
parameters  and  the  internal  heit  dissipatod  by 
the  electronics  of  the  spacecraft  (It  is  normal 


test  policy  at  Goddard  to  have  temperature 
conditions  10°C  hotter  and  10°C  colder  than 
the  predicted  temperatures  applied  for  func- 
tional tests  of  prototype  hardware;  whereas, 
the  10°C  margin  is  not  used  for  testing  of  the 
flight  hardware.) 

Solar  Simulation 


Simulation  of  the  space  thermal  environ- 
ment for  testing  full  spacecraft  systems  has 
grown  rapidly  over  the  past  10  years  and  has 
given  rise  to  at  least  three  generations  of  solar 
simulator  equipment.  Despite  the  progress,  it 
is  certain  that  no  solar  simulator  capable  of 
illuminating  a full  spacecraft  system  dupli- 
cates space  solar  insolation.  Table  7 compares 
pertinent  solar  parameters  to  the  author’s 
estimate  of  today’s  precise,  operational,  solar 
simulator. 

Figure  5 shows  the  results  of  a recent 
survey  of  solar  simulators  in  use  for  spacecraft 
system  testing  (refs.  13,  14,  IS,  16,  17,  and 
18).  An  arbitrary  limit  of  27  square  feet  of 
irradiance  area  was  used  as  the  lower  cutoff 
point  to  define  a spacecraft  system-test  capa- 
bility. The  survey  shows  14  simulators  of 
varying  capability.  Four  simulators  provide  a 
horiz<mtal  beam;  the  remaining  ten  are 
vertical.  Only  one  simulator  provides  both  a 
4 16- foot-squared  horizontal  beam  and  a 
125-foot-squared  v^uHcal  beam.  Tliree  simu- 
lators, one  in  each  size  range,  are  presently 
capable  of  vertical  irradiation  much  greater 
than  one  solar  constant;  their  maximum  is  in 
the  range  of  1.9  to  2.2  solar  constants. 

The  grouping  shown  by  the  three 
columnar  fields  in  figure  5 conveys  the 
author’s  opinion  of  the  relative  capability  of 
these  shmilat.irs.  The  criteria  are  twofedd' 
(1)  provision  for  energy  boundary  conditirms 
such  that  the  absorbed  energy  by  a fixed 
spacecraft  having  equal  areas  of  multiple 
coatings  (ultraviolet  absorber,  flat  absorbers, 
and  visiMe  and  infrared  absorbers)  would 
attain  temperature  levels  and  a distribution 
simUar  to  direct  sdar  insolation  and  (2) 
complexity  in  measurement  and  mathematical 
adjustments  to  obtain  a known  energy 
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Table  7.  Comparixm  of  Solar  Parameters  Versus  Taiay's  Precise  Solar  Simulator 

(5-Foot-Diameter  Seam) 


Parameter 

Sun  at  1 A.  U. 

Precise  Solar  Simulator 

Total  Inadiance 

l39mWcm‘* 

1 39  mW  cm"* , o)^erage 
Stability:  2%  of  irradiance  setting 

Spectral  Irradiance 

F.S.  Johnson 
or  GSPC  Curve 

(a)  Energy  match  basis:  :tlO% 
except  ultraviolet  (45)  and 
infrared  (+30) 

(b)  Effective  absorptance  basis 
for  one  solar  constant  !Otal 
energy:  ±10%  of  solar  value 

Uniformity  of  Irradiance 

Uniform 

±4% 

Uniformity  of  Spectral 
Irradiance  0.25  to  2.6p 
Bandwidth 

Uniform 

Energy  basis:  ±9%  (estimated) 

Effective  absorptance  basis: 
±5%  (estimated) 

Subtense  Angle 

32  Minutes 

3* 

Figures.  Operational  sokr  simulators  with  bem  area 
27  to  400  ft.*:  one  solar  constant  and  greater 
intensity  • J969. 

boundary  condition  for  the  fixed  multiplo- 
coated  spacecraft  such  that  the  thermal 
balance  of  the  spacecraft  can  be  predicted. 

The  “colunui  one”  simulator  has  perfo^ 
mance  properties  similar  to  that  described  as 
‘‘today’s  precise  solar  simulator.”  All  simula- 


tors in  this  group  are  of  an  off-axis  design,  use 
xenon,  high-pressure,  short-arc  lamps,  and  are 
closely  filtered. 

The  “column  two”  simulators  are  excel- 
lent large-area  solar  systems  and  are  the  off- 
spring of  the  third-generation  simulator 
design.  These  systems  are  also  the  off-axis 
type  and  \ise  S-  and  20-kilowatt,  xenon,  high- 
pressure,  compact-arc  lamps.  They  have 
neariy  all  the  properties  of  the  most  precise 
simulator  except  that  they  are  not  closely 
filtered.  The  spectral  distribution  is  that  of 
the  xenon  source  as  modified  by  the  optics 
(fig.  6).  Thiis  group  contava  those  simulators 
ciqiMble  of  irradiance  levels  as  high  as  2.2  solar 
constants.  The  most  collimated  system 
(2-degree  totil  subtense  arsgle  and  1 -degree  in- 
cidence angle)  is  also  in  this  group.  Plana,  uni- 
formity on  tlie  order  of  3 percent  has  Ix^en 
measured  on  one  of  these  iQ'stems  (ref.  19). 

In  the  “column  three”  category  are  the 
first -genoration  simulators,  which  are  the  on- 
axis  system  and  the  earliest  version  of  the  off- 
axis  system.  This  group  is  characterized  by 
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Figure  6.  Spectral  distribution  of  X-25,  xenon  simulator;  center  of  beam  at  95  amperes,  no  filter. 


having  carbon  arc,  mercury-xenon  or  xenon 
sources  and  also  the  largest  416-foot-squared 
horizontal  beam  and  220-foot-squared  vertical 
beam.  One  simulator  has  both  a 416-foot- 
squared  horizontal  beam  and  a 12S-foot- 
squared  vertical  beam.  Uniformity  varies  from 
a maximum  of  10  percent  in  depth  of  field  to 
±25  percent  across  a plane.  Spectral  filtering 
is  not  done,  and  spectral  nonuniformity  of  ±8 
percent,  reckoned  on  the  basis  of  effective 
absorptance,  has  been  reported  (ref.  20). 

The  spectral  match  to  the  solar  irradi- 
ance  curve  over  the  bandwidth  0.25  to  2.6 
microns  is  worthy  of  more  discussion.  The 
degree  of  spectral  match  can  be  reckoned  on 
an  energy  basis  or  on  an  effective  absorptance 
basis.  The  modem,  closely  filtered,  high- 
pressure,  compact-arc  xenon  simulator  has  an 
energy  distribution  matching  that  of  the  solar 
spectrum  on  the  order  of  ±10  percent  for 
most  bands  0.05  to  0.20  micron  wide  across 
the  total  band  of  0.26  to  2.6  microns 
(refs.  17,  21,  22,  and  23).  The  0.26- to  0.33- 
micron  (ultraviolet)  and  the  1.4-  to  1.6- 
micron  (infrared)  bands  are  exceptions,  and 
the  match  is  on  the  order  of-45  percent  and 
+30  percent,  rcq)cctivelj'.  This  distribution 
appears  to  be  rather  poor,  but,  on  an  effective 
abrorptance  basis,  most  coatings  typical  of 
tb-^se  listed  in  table  3 would  fall  within  10 
percent  of  the  solar  absorptance  value.  Spec- 


tral distribution  surveys  across  the  larger 
filtered  systems  are  not  generally  reported  in 
the  literature;  however,  it  is  estimated  on  the 
basis  of  smaller  systems  (table  8)  that  nonuni- 
formity would  raise  the  10  percent  figure  to 
approximately  15  percent  (ref.  21). 

The  nonfiltered  xenon  simulator  system, 
for  example,  would  yield  effective  absorp- 
tances  within  as  much  as  25  percent*  of  the 
solar  value  (ref.  19).  Including  a tolerance  for 
spectral  nonuniformity  in  the  test  zone  could 
inciease  the  variance  to  30  to  35  percent. 

Sin  Jarly,  for  carbon  arc  and  mercury-xenon, 
the  variance  range  is  35  to  160  percent*,  re- 
spectively (ref.  19).  It  is  noteworthy  that  this  - 
comparison  is  of  particular  value  when  test 
considerations  are  for  a spacecraft  with 
multiple  coatings  of  near  equal  area  and  the 
objective  of  the  test  is  to  obtain  temperature 
level  and  distribution  throughout  the  craft  , 
similar  to  orbit. 

It  is  an  important  point  to  note  that 
certain  spacecraft  designs  could  be  tested  in 
any  of  the  three  groups  of  simulators  with  \ 
equally  adequate  results.  It  is  also  true  that  a f 
spacecraft  consisting  of  an  open  structure  ] 
covered  with  a fine  mesh,  such  as  mi^t  be  I 
used  on  a deployable  antenna,  could  only  be  I 


*Por  a particular  group  of  materials. 
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Table  8.  Calculated  Total  Absorptance  of  Surfaces  at  Center,  Edge,  and  Intermediate  Positions  of  X-25 

Filtered  Xe  Simulator 


CB 
70  a 
0) 

CB 
70  a 
(2) 

EB 
70  a 

EB 
95  a 

IB 
95  a 

CB 
95  a 

CB  95 
(No 
Fdter) 

Solar 

0.418 

0.409 

0.394 

0.405 

0.422 

0.408 

0,494 

0.416 

0.192 

0.187 

0.206 

0.213 

0.195 

0.193 

0.151 

0.199 

0.187 

0.193 

0.216 

0.200 

0.185 

0.188 

0.165 

0.180 

0.041 

0.040 

0.043 

0.045 

0.041 

0.043 

0.042 

0.050 

0.119 

0.116 

0.125 

0.130 

0.120 

0.121 

0.101 

0.126 

0.187 

0.189 

0.197 

0.195 

0.187 

0.190 

0.167 

0.188 

0.148 

0.146 

0.147 

0.149 

0.148 

0.147 

0.148 

0.148 

0.081 

0.080 

0.080 

0.081 

0.082 

0.081 

0.086 

j* 

0.082 

0.171 

0.177 

0.190 

0.180 

0.170 

0.174 

0.162 

0.170  ' 

0.274 

0.276 

0J03 

0.296 

0.276 

0.275 

0.236 

0.274 

Solar  Cell 
Evap.  Gold 
Cat-a-Lac  W1 
Evap.  Silver 
Rae  Silver 
Seidenberg  V 
.Mzak 

Evap.  Alumii 
Ti  O White 


tested  with  accuracy  in  the  most  uniform  and 
colilraated  simulator. 

The  system-test  solar  simulators  shown 
in  figiure  5 may  be  typed  by  their  optical 
systems  and  are  either  collimated  or  direct 
projection.  The  collimated  type  are  further 
typed  as  modular  on-axis  or  massive  off-axis. 

Modular  On-Axis  Collimator 


3500-WATT 
"Hg-Xe  LAMP 


-ELLIPSOIDAL  REFLECTOR 
-REFLECTED  ENERGY 
-CONDENSER  LENSES 
-TRANSMITTED  ENERGY 

Beam  sizes  of  1 7V4-foot-diameter  vertical  V ii  ^ ^^^atmospheric  pressure 

to  32-by-13-foot  horizontal  have  been  in  f f ru»uDco  nnur 

operation  for  3 to  5 years.  (A  fourth-  I [^chamber  dome 

generation  advanced  simulator  of  25-foot-  .relay  lens 

diameter  beam  is  currently  under  <^^ff|rn^^<---''-N2  panel  heat  sink 

development.)  i JO  — paraboloidal  reflector 

Both  reflective  and  refractive  optical  [ 
elements  are  used  in  each  module  to  collect  vacuum 

and  to  shape  the  energy  from  the  source.  A ' ^ -^hyperboloioal  reflector 

Cassegrainian  optical  system  internal  to  the  energy  output 

vacuum  vessel  is  utilized  to  collimate  the 

input  energy  and  to  direct  it  to  the  test  zone.  Figure  7.  Oitaxis  module,  Goddard  Space  FVffht 
Figure  7 shows  the  module  concept  and  the  Center. 
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configuration  typical  of  the  GSFC  solar  simu- 
lator design.  An  array  of  modules  are  used  to 
obtain  the  desired  beam  size,  figure  8 shows  a 
typical  arrangement.  Although  module  size 
and  optics  differ  amongst  the  simulators,  the 
concept  is  basic.  Sources  such  as  3.5-kilowatt 
mercury-xenon,  30-kilowatt  carbon  arc,  and 
20-kiiowatt  xenon  are  currently  being  used. 
Ray  parallelism  of  3 degrees  to  4.4  degrees 
prevails.  The  better  parallelism  of  the  rays  re- 
sults in  fewer  modules  contributing  energy  to 
an  elemental  area  in  the  test  zone.  In  the 
closely  collimated  system,  the  loss  of  a 
module  due  to  source  failure  and  the  like  re- 
sults in  a dark  area  in  the  beam.  In  the 
2.2-degree,  half-angle,  collimated  system,  loss 
of  a module  would  reduce  the  intensity  by 
about  1 5 percent  for  test  planes  25  feet  from 
the  Cassegrain  optics. 


Figure  8.  On-axis  army,  Cassegminian  configumtion 
from  inside  the  GSFC  solar  simulator. 


Fill-in  optics  typical  of  figure  9 for  the 
low’er  Cassegrain  element  does  provide  im- 
proved intensity  uniformity  at  closer  ap- 
proach distances  to  the  Cassegrain. 
Uniformity  of  total  intensity  on  the  order  of 


Figure  9.  Gn-axis  xenon  module,  vertical  configu- 
mtion, Spectrolab. 

±4  percent  is  theoretically  possible  for  this 
type  of  design;  however,  because  of  the  real 
world  of  optic  surface  and  figure  imperfec- 
tions, plus  difficulty  in  stacking  and  aligning 
large  arrays  of  modules,  uniformity  on  the 
order  of  ±10  percent  per  square  foot  and  ±25 
percent  per  2 cm^  * is  routine.  Spectral  distri- 
bution for  the  carbon  arc  and  mercury-xenon 
modular  system  is  that  of  the  bare  source 
modified  by  the  optics.  Data  on  spectral  dis- 
tribution for  the  sources  are  available  in  the 
liteiature  (ref.  17). 

For  many  spacecraft  thennal  coatings, 
the  effective  absorptance  at  one- solar- con- 
stant total  intensity  is  within  ±20  percent  of 
the  solar  value  for  the  carbon  arc  (ref.  17). 
The  mercury-xenon  spectral  distribution  is 
not  as  good  a match  (figure  10).  For  one-solar- 
constant  total  intensity  and  coatings  typical 
of  table  9,  the  effective  absorptance  varies 
from  3 percent  to  125  percent  of  the  solar 
value.  Spectral  nonuniformity  across  the  test 
volume  is  another  parameter.  In  the  closely 


*2  cm^  is  a typical  size  for  solar  cells  that  are  used  to 
measure  uniformity  of  intensity. 
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Figure  10.  Spectral  distribution  of  3.5-kilowatt  mercury-xenon  lamp  versus  Johnson  curve. 


Table  9.  Computed  Total  Absorptance  of  10 
Materials  for  New  (T367)  and  Old  3.5  KW  Hg-Xe 
Lamps  After  800  Hours  Operation,  Compared  to 
Solar  Radiation 


Surfaces 

T367 

T97 

T58 

646356 

Solar 

Solar  Cell 

0.270 

0.312 

0.301 

0.312 

0.415 

Evap.  Gold 

0.257 

0.244 

0.249 

0.247 

0.200 

Cat-a-Lac  White 

0.339 

0.286 

0.297 

0.300 

0.181 

Evap.  Silver 

0.149 

0.115 

0.119 

0.133 

0.051 

Rae  Silver 

0.222 

0.194 

0.198 

0.207 

0.127 

Seidenberg  White 

0.306 

0.261 

0.269 

0.278 

0.188 

Alzak 

0.144 

0.144 

0.144 

0.145 

0.148 

Evap.  Aluminum 

0.074 

0.076 

0.075 

0.076 

0.082 

liO  White 

0.318 

0.266 

0.276 

0.284 

0.171 

Methyl  White 

0.396 

0.361 

0J70 

0372 

0.275 

collimated  system,  the  variability  is  on  the 
order  of  ±10  percent  across  the  area  of  illumi- 
nation of  each  module  (with  the  differences 
between  the  center  and  the  edge  of  each 
module  beam,  ref.  24).  In  the  less-collimated 
mercury-xenon  system,  spectrum  varies  on 
the  order  of  5 to  10  percent  across  the  test 
plane  and  less  in  depth  of  field.  The  improve- 
ment is  from  more  mixing  of  the  irradiance 
from  the  modules.  Reckoned  on  an  effective 
absorptance  basis,  the  spectral  nonuniformity 
of  the  mercury-xenon  system  is  approxi- 
mately ±8  percent  for  a white  coating 
(ref.  20). 

Figure  9 illustrates  the  most  advanced 
module  design  under  development  for  a 
2S-foot-diameter  simulator.  Each  module 
utilizes  a 20-kilowatt  xenon  source  and  illumi- 
nates an  area  48  inches  across  the  tips  of  the 
hexajonal  output  beam.  The  inclusion  of 
lenticular  mixing  optics,  fill-in  optics,  and 
spectral  filtering  provides  performance  im- 
provements over  past  modular  systems.  Uni- 
formity of  total  intensity  on  the  oroer  of  ±15 
percent  per  4 cm*  area  has  been  demon- 
strated across  a 7-foot-diameter  beam,  and 
±10  percent  appears  probable  after  adjust- 
ments are  made.  Spectral  distribution  typical 
of  the  smaller  filtered  xenon  systems  is 
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expected  (fig.  11),  snd,  on  an  energy  basis,  a 
match  to  the  solar  spectrum  on  the  order  of 
±10  percent  (except  ultraviolet  and  infrared 
-40  and  +30,  respectively)  is  probable 
(ref.  23). 

The  basic  advantages  of  the  modular 
solar  systems  is  the  capability  to  tailor  the 
illuminated  area  to  the  size  needed  by  the 
craft.  No  limit  is  placed  on  beam  growth 
potentials.  The  problem  of  nonuniformity  in 
total  intensity  and,  to  a lesser  degree,  non  uni- 
formity of  spectrum  places  great  demands  on 
automated  data-handUng  and  computer  reduc- 
tion capability  to  resolve  a.  ^urately  the 
energy  incident  on  a spacecraft  under  test. 
Aside  from  obvious  differences  in  spectrum 
between  the  carbon-arc  and  compact-arc 
sources,  the  stability  and  reliability  of  the 
irradiance  for  the  compact  arc  is  much  better. 
With  the  use  of  automatic  intensity  servo- 
controlled  systems,  stability  of  the  compact- 
arc  system  is  on  the  order  of  2 percent  of  an 
average  setting  for  100  hours  or  more;  the 
stability  of  the  carbon  arc  is  on  the  order  of 
±7  percent  for  a 24-hour  period  (ref.  24).  A 
decided  disadvantage  of  the  on-axis  system  is 
the  inability  to  obtain  wide  ranges  of  irradi- 
ance for  a given  module  design.  Another  dis- 
advantage is  that  re-reflection  of  energy  from 
the  illuminated  spacecraft  can  return  to  the 


test  volume.  Although  this  is  not  a large 
factor,  2 to  3 percent  of  returned  energy  adds 
to  the  uncertainty  in  boundary  values  unless 
careful  calibration  is  done  prior  to  testing. 

Off-Axis  Collimator 

Beam  sizes  up  to  a 1 7-foot  diameter  are 
currently  operational.  In  all  simulators  of  this 
type  of  optical  design,  the  collimating  ele- 
ment is  a reflector  located  inside  the  vacuum 
vessel.  Illumination  is  by  a source  projection 
system  (or  systems)  located  external  to  the 
vessel,  ihe  projection  of  the  illumination 
from  the  source  to  the  collimator  is  at  an 
acute  angle  with  respect  to  the  longitudinal 
axis  of  the  test  zone.  Energy  reflected  by  the 
spacecraft  back  to  the  collimator  does  not 
return  to  the  usable  test  zone.  Figures  1 2 and 
13  show  the  Jet  Propulsion  Laboratory  (JPL) 
configuration  and  optical  schematic.  Simula- 
tors of  this  type  utilize  5-kilowatt  xenon  and 
20-kilowatt  xenon  sources,  and  most  of  them 
employ  an  integrating  lens  to  gain  maximum 
mixing  of  the  individual  sources  contributing 
to  the  total  beam. 

Spectral  filtering  is  used  on  the  smaller 
systems;  however,  for  beam  sizes  greater  than 
an  8-foot  diameter,  the  spectrum  of  the  un- 
flltered  xenon  source  of  figure  6 prevails.  The 


Figure  11.  Spectral  distribution  of  X-25,  xenon  simulator;  center  of  beam  at  95  amperes,  with  filter 

inserted. 
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Figure  12.  Off-axis  solar  simulator,  cross-section  of 
JPL  10-foot  space  simulator. 
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Figure  13.  Off-axis  optical  schematic,  JPL  10- foot 
space  simulator. 


intensity  uniformity  for  most  of  these  sys- 
tems is  excellent.  The  most,  uniform  is  on  the 
order  of  ±3  percent.  Spectral  uniformity  on 
the  nonfiltered  system  has  not  been  thor- 
oughly reported;  however,  available  informa- 
tion does  indicate  the  nonuniformity  for  the 
single-element  collimator  system  to  be  less 
than  a few  percent.  Ray  parallelism  is  also 
excellent;  the  best  has  a subtense  angle  of 


2 degrees  and  an  incident  angle  of  1 degree. 
Stability  is  within  2 percent  over  a 24-hour 
period.  All  off-axis  systems  except  two  use  a 
single-element  collimator.  The  largest  colli.- 
mator  in  operation  has  a 23-foot  diameter 
(ref.  14). 

The  two  multiple-sector,  off-axis  simu- 
lators utilize  mirror  segments  arranged  to 
yield  a collimated  beam.  An  operational 
17-foot-diameter  system  utilizes  over  1900 
segments  for  the  collimating  function.  The 
most  recent  multiple-element  collimator 
system  placed  in  operation  is  a combination 
of  the  off-axis  and  on-axis  designs.  Figure  14 
illustrates  the  optical  schematic.  Two  sources 
(20-kilowatt  xenon)  entering  a single  optical 
integrator  illuminates  one-fourth  of  one 
sector  of  the  four-piece  collimator.  One  lamp 
is  capable  of  producing  energy  sufficient  for  a 
one-solar-constant  output  (ref.  18).  In  gen- 
eral, the  multiple-element  collimator  systems 
are  not  as  uniform  as  the  single-element  sys- 
tems. Uniformity  of  intensity  is  approxi- 
mately ±10  percent,  and  nonuniformity  of 


Figure  14.  Off-axisfnwdukr  optical  schematic,  TFW. 
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spectral  distribution  is  also  estimated  to  be 
greater  than  that  of  the  single-element  colli- 
mated system. 

The  advantage  of  the  off-axis  system  is 
excellent  performance  regarding  intensity 
uniformity,  spectral  uniformity,  and  colli- 
mation.  Great  flexibility  is  available  in  irradi- 
ation level  without  compromise  in  optical 
performance. 

A disadvantage  of  the  off-axis  system  is 
lack  of  efficiency;  electrical  power  ■'*  versus 
illumination  “out”  is  approxim!'  ■ l ^ 5 per- 
cent. (The  on-axis  system  c ency  is 
approximately  14  percent.) 

A limiting  factor  toward  latter  !:>eain 
diameters  is  the  ability  to  construct  colii 
mators  greater  than  a 23-foot  diameter  with 
equivalent  optical  performance. 


Direct  Projection  System 

The  direct  projection  system  produces  a 
beam  of  irradiation  with  fair  uniformity 
across  a plane.  The  solar  subtense  angle 
changes  with  depth  of  field,  and  the  solar 
normal  incident  angle  changes  across  the 
plane  of  uniformity.  Intensity  in  depth  of 
field  varies  according  to  the  square  of  the 
difference  in  distance  between  the  plane 
closest  to  the  source  and  the  plane  of  interest. 
One  of  two  simulators  shown  in  the  6-foot-  to 
8-foot-diameter  size  interval  in  figure  S is  a 
unique  direct  projection  system.  A number  of 
small  sources  (2.5-kilowatt  xenon)  witti 
unique,  segmented  collectors  are  used  in  an 
overlapping  mode  to  produce  a beam  8 feet  in 
diameter  by  9 feet  deep.  Each  lamp  illumi- 
nates the  entire  test  plane  from  a distance  of 
50  feet.  The  resulting  solar  test  volume,  8 feet 
in  diameter  by  5 feet  deep,  has  a uniformity 
of  ±10  percent  throughout.  Spectral  distribu- 
tion is  that  of  unflltered  xenon. 

The  disadvantage  of  this  system  design  is 
the  lack  of  collimation.  Irradiance  along  sur- 
faces parallel  to  the  longitudinal  axis  of  the 
test  volume  are  unrealistically  high-  Eclipse 
shields  or  mathematical  correction  factors 
would  be  required  for  most  spacecraft  tests  in 
this  simulator. 


Albedo  Simulators  For  Spacecraft  System 
Irradiation 

Simulation  of  earth  albedo  by  using  light 
sources  and  appropriate  optical  systems  is 
extremely  limited.  To  the  best  of  the  author’s 
kno  .V ledge,  the  only  operational  system 
capable  of  producing  irradiation  with  a field 
angle  on  the  order  of  1 60  degrees  (necessary 
frr  near-earth  orbits)  is  in  use  at  the  Manned 
Space  Center  (MSC).  The  simulator  utilizes 
quartz  iodine  and  tungsten  sources,  properly 
masked  to  produ;e  an  irradiance  field  4 feet 
by  7 feet.  The  uniformity  is  on  the  order  of 
±10  percent.  The  spectrum  is  that  of  tungsten 
; .-■•''e,  a poor  energy  match  to  albedo  spec- 
tial  irradiance.  (The  .system  has  been  used  for 
space-suit  testing.)  Lamp  power  is  adjusted  to 
obtain  an  energy  level  to  force  a precalculated 
absorbed  flux  condition  by  the  test  surface. 

Many  infrared  heating  systems  are  used 
to  produce  an  equivalent  temperature  or  an 
absorbed  flux  level  that  could  result  from 
earth  albedo  and/or  earth-emitted  radiation 
(ref.  16).  These  methods,  however,  do  not  pro- 
vide a spatial  distribution  of  the  input  eneigy 
typical  of  the  field  angle  for  near  earth  orbits. 

Earth-Emitted  Simulators  for  Spacecraft 
System  Irradiation 

As  is  the  case  with  albedo  simulators, 
simulators  for  earth-emitted  irradiance  in  con- 
junction with  simulation  of  solar  iTadiance 
are  not  generally  available.  The  MSC  chamber 
“A”  facility  does  include  a lunar  plane  in 
addition  to  simulated  solar  irradiance,  but  the 
author  does  not  know  whether  or  not  it  is 
suitable  for  simulating  earth  infrared.  (In 
many  cases  of  spacecraft  testing  where  this 
flux  is  thermally  significant  to  the  thermal 
balance,  plate  radiators,  infrared  lamps,  or 
heater  bluets  are  used.  The  resulting  simuls- 
tion  lacks  fidelity,  particularly  with  regard  to 
field  angle;  i.e.,  incident  angle  and  reflections 
are  most  often  not  typical  of  orbit.) 

Other  Simulation  of  Solar  41bedo  anu  Earth- 
Emitted  Flux 

A complete  departure  from  simulating 
the  irradiance  of  the  sun  and  earih  is  to  sim- 
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ulate  its  effects  by  inducing  an  equivalent 
absorbed  flux  or  simply  a known  flux  into  the 
spacecraft  by  using  infrared  radiators. 

Two  forms  of  this  type  of  simulation  for 
thermal-balance  testing  are  (l)to  use  heated 
plates  and  to  attach  them  directly  to  the  space- 
craft as  replacement  shell  elements  or  (2)  to 
use  heated  plates  and  to  place  them  near  the 
spacecraft.  For  the  latter  case, a predetermined 
radiative  coupling  is  utilized,  and  the  radiator 
temperature  is  adjusted  to  a calculated  value. 
Dr.  G.  Gordon  described  this  method  several 
years  ago  when  it  was  used  in  testing  the 
Relay  spacecraft. 

The  more  popular  case  is  to  use  resistive 
heating  and  to  attach  the  radiators  directly  to 
the  spacecraft.  The  typical  radiator  would 
consist  of  a substrate  and  a bonded  heater 
element.  Nichrome-ribbon  wire  mesh  embed- 
ded in  a high-temperature,  high-conductivity 
plastic  or  a conductive  carbon-sprayed  coating 
are  typical  of  the  heater  configurations  in  use. 

Regardless  of  the  type  of  heater,  there  is 
a temperature  gradient,  across  the  composite, 
that  is  not  identical  to  the  actual  flight  shell  or 
element.  The  AT  across  the  composite  must 
be  accoxmted  for  in  the  thermal-balance 
analysis  when  precision  is  required.  For  the 
simple  spacecraft  configurations  (one  type  of 
surface  coating-no  reentrant  comers,  cavities, 
projections,  holes,  or  skin-mounted  subsys- 
tems), this  method  should  be  carefully  con- 
sidered. Heater  power  control  can  be  accurate 
within  1 percent  or  better,  and  absorbed  flux 
can  be  obtained  accurately.  The  uniformity  of 
flux  density  is  dependent  on  heater  element 
placement  and  the  circuitry  used. 

Care  is  needed  in  applying  the  heater 
elements  to  avoid  undesiied  cold  spots  near 
the  edges  of  the  radiator  and  the  hot  spots 
caused  by  overiapping  of  the  conductor.  The 
emissivity  of  both  the  internal  and  external 
surfaces  of  the  composite  is  usually  matched 
to  the  flight-skin  properties.  This  simulation 
was  u.i>?d  for  testing  the  OAOAl  and 
OAt>A2  and  is  presently  being  implemented 
for  use  on  OAO-B. 


Solar  Simulation  Measurement  Uncertainties 

As  mentioned  earlier,  the  concept  under- 
lying  thermal-balance  tests  on  spacecraft 
systems  is  the  creation  of  a known  set  of 
boundary  conditions  in  which  the  perfoi 
mance  of  a given  thermal-control  treatment 
can  be  predicted.  This  concept  accepts  that 
the  simulation  is  not  a duplication  of  the 
natural  environment  but  does  force  reflec- 
tions and  modes  of  heat  transfer  similar  to 
orbit.  Mathematical  extrapolation  is  required 
to  predict  the  orbital  thermal  performance  of 
the  craft. 

In  solar  irradiance  simulation,  measure- 
ment of  total  intensity,  spectral  inadiance, 
and  ray  parallelism  is  necessary  to  deflne  the 
incident  boundary  flux.  It  is  also  important  to 
the  thermal-balance  test  to  define  the  effi 
five  heat-sink  temperature  and  its  low  temper- 
ature emissivity  and  to  resolve  the  direction 
and  level  of  energy  that  is  contributed  by  re- 
reflections plus  any  direct  infrared  due  to 
fixturing,  etc.  The  measurement  requirements 
are  complex  because  a number  of  these 
parameters  are  variable  with  time.  The  ther- 
mal interaction  of  the  chamber/solar  sim- 
ulator and  spacecraft  configuration  cair  also 
vary.  Thus,  careful  calibration  of  the  cham- 
ber/solar simulator  is  necessary  and  should  be 
scaled  to  the  precision  required  of  the  test. 

Simulator  measurements  and  calibration 
techniques  vary  throughout  the  industry  and 
are  reported  widely  in  the  literature  (ref.  1 1). 
A detailed  discussion  on  the  subject  is  not 
attempted  in  this  paper,  but  some  estimate  of 
the  uncertainties  in  total  and  spectral  irradi- 
ance measurements  is  discussed  because  these 
two  parameters  are  very  important. 

Total  irradiance  measurements  across 
large  solar  beam  areas  is  often  done  by  using 
fast  response  radiometers,  thermopiles,  or 
solar  cells.  Calibration  of  these  detectors  is 
done  by  comparison  to  secondary  standard 
sources.  With  available  standards  and  careful 
techniques,  a calibration  accuracy  of  ±2  per- 
cent absolute  is  possible.  Recent  advances  in 
cavity  detectors  based  on  the  absolute  stan- 
dards of  the  ampere  and  volt  offer  an  im- 
provement in  calibration  to  within  1 percent 
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of  absolulr  <ncf.  2t  In  application  of 
detectors  to  «niaijitor  measuremenls.  the 
txafid^cr  of  the  ^ndard  to  a mdtjMc  chunbeT 
detector  refiidts  in  some  dexndaticn  in 
accuracy.  Spcctml  differences  betweeti  tlie 
standard  source  and  the  samulaior  source 
leads  to  addittonal  uncertainly.  In  addition, 
data  transnsfiSMin  and  i^roccashie  carry  » 
^ujthcT  dc^adatKHL  In  alL  the  cicpcctcsd 
accuracy^  w senstaf  total  anradiance  undei  test 
conditions  is  estimated  to  be  on  the  order  c>f 
- 3 to  t5  percent  absolute  tor  the  nsosl  pjedsc 
tests.. 

S pectnri  irractancc  incasun:!mcnts  arc 
more  dxffjcuilt  and  less  precise  Ur  n total 
nrarhance  measurem'mts  in  tlie  soiar  smui- 
lator.  Standards  of  spi'ctral  inradtance  for  €be 
0.25-  to  2-6^crcwi  wivden^  itand  have  an 
uncertainty  of  3 to  3 parasol^  depending 
upon  the  band  of  iitcrest.  Belc/w  0.25 
imcFcm^  no  acceptable  standard  or  irradiance 
IS  avazlaMe. 

Tlie  spectral  irradiiince  in  a solar  simu- 
la/liOr  has  been  measur  d usii^  monochro- 
maters,  f3:tcr  radiometer  and  most  recently, 
inlCTferoiTictetrs-  Occasionally,  sjpectral  distri- 
bution has  been  urferred  from  the  stabiliza- 
rion  lem^iera.ture  of  sanrples  coated  finnilar  to 
il?  c spacecrafi.  The  proWem  in  spectral 
mipi^g  of  a larise  area  simulator  is  that  a 
very  snouJl  area  of  the  beam  is  measured  by 
lh.>se  insfcrin;;ents,  met  time  to  make  a single 
nuiasiuement  <(Ju25  to  2.6  imcrcms)  is  on  the 
order  of  10  to  30i»?hHites.  Thus,  occasianal 
be:aui  sa  npibng  is  done  r^itlher  tha«}  cofitinuoins 
pcint-byHpaint  beam  nuippiryg.  For  the  0.25- 
1o  .Ib^micran  warvekngtih  range,  the  accuracy 
in  jg-icctral  measureincnls  inside  a shniilaitor  is 
estimated  to  be  ±5  pGrcenl  DvcraJIJ  for  li.'irrcwv 
bands  in  the  0.2-  to  113-Tmcrom  range  and  for 
wrfrared  in  the  1.5-  to  2.tV4niicrc)(n  range,  the 
Tncafiured  values  could  he  maccL'xale  to  ±J0 
pcnccmt. 

ftei’^isntly,  it  has  become  ol-vious  and 
necessary  to  eictend  siniiiiiaitor  t:  tral  mea- 

suTcanoitts  into  the  infrared  beyond  2.6 
microns.  In  IheonaiPbalance  testing  of  a 
coaftmg  such  as  Alrak,  6 niW  enf  ^ tn  the  2 6- 
to  25^fnicron  banda^dith  caused  an  imex- 
pecstfid  {3Tr(3ir  in  cner©  aribsorbed  by  the  test 
item  cm  the  andw  of  25  percent  fret.  25). 


Ihermal  AnalyOicaJ  Modds 

Pirdklkm  of  the  ipacecraft  tcmparjiLtuJT 
^iistribiition  rcqiares  the  sofcitkm  of  the  cran- 
^aent  heat-tramfcr  equation  usiii^  spediied 
boundary^  and  initirJ  conditions.  Graplnc;;^ 
methods,  dectricai  analogy,  or  She  lumped 
parameter  method.  ul£uiT^  ihcnnai  analy/cr 
prognuns.  are  all  in  use  (ref.  26  k The  thermal 
amdy7>er  pro^am  and  dtgalaJ  computer  pro- 
vides an  ability  to  perfonn  sophn^icated 
uLalians  on  lar^  nctwof  ks. 

The  themud  analyzcT  program  is  a trans- 
farm  of  the  spacecraft  lAyacal  modcL  The 
algorithm  consists  of  networks  of  tfegrygal 
conductors  and  capacitors.  The  distributed 
heat  capacitance  of  the  craft  is  concentrated 
at  isothermai  nodes,  and  the  disrributed  con- 
ductance is  represented  by  conductors  joining 
tkt  nodes.  The  of  the  thcimalhalancc 
network  vames  with  the  problem;  c-g.,  .^0 
nodes  for  the  simple  140-pc9und  spaa^"Td"t, 
300  nodes  for  a 4400‘PO^ind  spacecraft.,  etc. 
The  network  capacity  of  today\  large 
analy7>er  program  <w-..g.,  ONDA,  GTA-1,  etc.) 
is  on  the  order  of  3000  to  3000  nodes  aud 
over  500  conductors.  Steady-'State  and  tra:i- 
sient  temperature  or  heat  fluxes  can  be  coro- 
puted  for  Ihree^diinensicma^  cemflgui  Utions. 

A.  Bartilucca.  F.  Lee,  and  M.  N.  Tawil 
describe  the  no/ial  equation  and  logic  diagram 
showing  the  topical  subrouitines  mputtingto 
the  thermal  analyzer  program  (rd'.  261 
Figure  1 5 and  the  following  is  adi^rted  from 
reference  3b 
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The  Grumman  Corporation  authors 
point  out  that  the  detailed  networks  of  the 
analyzer  program  are  large  and  the  computing 
time  is  approximately  1 percent  of  the 
mission  auration.  Therefore,  simplified  net- 
works of  smaller  size  are  used  for  short-time 
analyses. 

Verification  of  the  analytic  model  (thus 
evolved)  is  done  through  controlled  thermal- 
bfJance  tests.  In  one  form,  the  input  terms  for 
solar  and  planetary  radiation  are  adjusted  for 
the  simulator  boundary,  and  test  tempera- 
tures arc  predicted.  In  another  form,  the  pre- 
dicted orbital  absorbed  flux  is  simulated  and 
test  temperatures  are  predicted.  Despite  this 
difference,  the  succeeding  process  is  to  com- 
pare test  temperature  data  to  predicted 
temperatures  and  to  adjirst  the  conductor 
values  until  the  analytic  model  more  accu- 
rately predicts  the  physical  model  perfor- 
mance. This  can  be  a long  and  tedious  process 
if  done  by  inspection.  Matrix  methods  show 
promise  in  mechanizing  the  process.  As  stated 
earlier,  for  passively  controlled  thermal 
designs,  the  uncertainties  in  total  energy  for 
the  solar  simulator  test  are  estimated  to  be  on 
the  order  of  7 percent.  For  these  designs  and 
simulator  capability,  correlation  of  analytic 
models  much  better  than  does  not  appear 
to  be  warranted;  however,  for  active  thermal 
control  systems  using  louvers,  heaters,  and  the 
like,  model  correlation  for  the  internal  nodes 
can  be  much  better,  if  needed. 


Correlation:  Validated  Analytic  Model  Versus 
Orbit  Performance 

One  result  of  thermal-control  testing  is  a 
validated  thermal  analytic  model.  A com- 
parison of  predicted  temperatures  versus 
orbital  actuals  is  one  measure  of  the  fidelity 
in  simulation  and  analysis.  A cursory  review 
of  this  area  shows  that  expedience  varies 
depending  on  the  tliermal  threatment  and 
configuration  of  the  craft.  For  passive  designs 
having  a variety  of  surface  coatings,  the  corre- 
lation appears  to  be  on  the  order  of  ±10°C, 
excluding  coating  degradation  (ref.  27).  Fch’ 
active  thermal-control  designs,  the  idea  of 


correlation  is  not  as  good  a meusure  of 
fidelity  in  simuLtior.  and  analysis  becau:>e  the 
ability  of  the  design  to  compensate  for  error 
is  greater.  Thio  is,  of  course,  the  exact  purpose 
of  this  treatment.  Despite  this  problem,  corre- 
lation between  predicts  and  actuals  for  the 
active  thermal-control  systems  seems  to  be  in 
the  S°C  range  and  bette.-  (refs.  28  and  29). 
For  large  spacecraft  using  both  active  and 
passive  thermal  treatments,  experience  data 
reflects  dose  correlation  in  some  areas  and 
wider  correlation  in  others,  depending  on  the 
local  treatment.  For  example,  according  to 
reference  30,  the  Surveyor  spacecraft  experi- 
ence could  be  summarized  as  shown  in 
table  10. 

A second  example  is  the  Mariner  V 
spacecraft,  which  also  included  both  passive 
and  active  thermal-control  treatments.  This 
spacecraft  included  provisions  for  “simple 
boundary  conditions"  and  was  purposely 
tailored  to  be  Liseusitive  to  solar  spectrum 
and  intensity.  According  to  reference  29,  the 
correlation  between  predict  and  actual  for 
nodal  temperatures  inside  the  structure  duimg 
cruise  was  4'’F,  with  typical  components 
running  1 to  2°F  warmer  than  predicted. 
Extet.nal  node  predictions  were  based  upon 
analysis  and  "heavily  corrected  space  simu- 
lator data",  the  deviations  ranged  up  to  SO^F. 

A final  extreme  comparison  is  to 
examine  recent  results  on  the  correlation  of 
analytical  prediction  where  thermal-balance 
testing  was  not  performed  on  a first-of-a-kind 
design.  There  is  scant  data  in  this  area  because 
the  idea  of  flight  without  thermal-control  vali- 
dation is  unusual;  however,  some  data  do 
exist.  M.  C.  Morris  and  R.  K.  Widel  of  Lock- 
heed Company  (ref.  1)  discuss  the  correlation 
for  a passive,  temperature-controlled,  secon- 
dary battery  of  a satellite  power-generation 
system.  The  comparison  of  analytical  predic- 
tions versus  flight  shows  that,  for  internal  and 
external  battery  temperatures,  the  deviations 
ranged  from  5 to  IS^'F  and  from  0 to  7*’F, 
respectively.  Degradation  of  the  thermal- 
control  coatings  was  experienced  and  caused 
additional  deviation  of  3 to  13**F  during  the 
flight.  The  analysis  suggests  the  degraded 
value  for  a white  Thermatrol  coating. 
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Table  10.  Temperature  Prediction  Accuracy  (Tran^t  Flij^t) 


Surveyor 


Number  of  Preflight  Temperature  Predictions  at 
Steady-State,  Falling  Within  Given  Range  of  Actual  Temperatures 


±5  (±3) 

±10  (±7) 

±20  (±11) 

±30  (±17) 

> ±30  (>±17) 

I 

27 

21 

18 

5 

3 

II 

41 

28 

6 

- 

- 

III 

43 

16 

15 

1 

- 

IV 

57 

14 

3 

1 

- 

V 

39 

25 

8 

2 

- 

VI 

48 

20 

6 

- 

- 

VII 

S3 

16 

3 

- 

3 

From  ihe  preceding  discussion,  it  is 
obvious  that  a capability  for  thermal-control 
testing  of  a full  spacecraft  under  simultaneous 
simulation  of  solar  and  earth  irradiance  does 
not  exist.  The  thermal  balance  of  a spacecraft 
rach  as  the  CAO  (fig.  16),  however,  is  signif- 
icantly affected  by  the  threA  inputs:  (1)  solar 


Flgm  16.  Arh^'t  concept  of  OAO  spacecraft. 


insolation,  (2)  earth-emitted  iiTadiar.ee,  and 
(3)  earth-reflected  irradiance.  Table  1 1 illus- 
trates the  OAO-A2  flux  situation  for  the  cold 
and  hot  cases.  Although  it  is  beyond  the 
scope  of  this  paper  to  discuss  detailed  aspects 
of  the  thermal  design  and  test  results,  the 
following  illustrates  the  ''pproac.i  used  and 
the  results  of  the  thermal  system  tests  of  the 
OAOA2. 

The  simulation  concept  proposed  for  the 
OAO  by  the  Grumman  Aircraft  Engineering 
Corporation,  and  accepted  by  the  Goddard 
Space  Flight  Center  (GSFC),for  the  system 
thermal  test  was  orbital  flux  using  heater 
skins  attached  to  the  spacecraft  structure. 
Flux  across  the  experiment  aperture  was 
simulated  by  a cooled  panel. 

The  erterior  configuration  of  the  space- 
craft was  ideal  for  applicatirm  of  the  heater- 
skin  tMhnique.  By  design,  the  fli^t  skins 
were  of  a single  coating  (Alzak)  and  were 
mounted  on  isolators.  The  predominant  heat 
transfer  was  bv  radiation  between  the  skin 
and  internal  sinks  on  which  most  of  the 
equipment  was  mounted.  The  heater  skins 
were  replicates  of  the  flight  skins  except  for  a 
Nichrome-ribbon  element  that  wu  bemdeU  to 
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Table  II.  Example  of  Computed  Flux  on  Surface  of  0A0-A2  Showing  Relative  Contribution  of  Three 

Sources  and  the  Spacecraft  Solar  Array  Paddles 


Cold  Case: 

= 0,65%  Sun 

Hot  Case:  ^ = 

90, 83%  Sun 

% of  Total 

% of  Total 

% of  Total 

% of  Total 

V* 

Source 

Incident 

Absorbed 

Incident 

Absorbed 

Solar 

56 

24 

76 

49 

Albedo 

12 

5 

4 

3 

Earth-Ir 

23 

51 

13 

32 

laddie 

9 

20 

7 

16 

Cold  Case:  a=0.14;e=0.75 

Hot  Case:  a=0.24;c=0.75 

Orbit:  435  N.  Miles,  34°  Inclin.,  Circular 


4* 


h 


t 


I 


the  inner  surface.  The  coatings  on  the  heater 
skin  were  siniilar  to  the  flight  skin;  i.e.,  Alzak 
on  the  exterior  suiface  and  black  on  the 
internal  surface.  Precision  power  supplies 
were  used  to  obtain  a predetermined,  e-juiva- 
lent,  absorbed  flux  input.  Figure  17  is  a 
picture  of  the  black  internal  surface  of  the 
heater  skin.  Figure  18  shows  the  spacecraft 
configuration  in  the  GSFC  test  chamber. 
Figiue  19  shows  the  star-tracke.  housing  and 
minaret. 

The  star  track ’^rs  and  other  sensors  re- 
quiring stimulation  during  test  were  sources 
of  error  to  the  thermal-balance  phase  of  thb 
test.  The  uncertainty  in  ihe  analytical  correc- 
tion factors  for  these  devices  was  not  resolved 
by  test;  however,  the  effect  of  the  uncertainty 
was  believed  to  be  inagnificant  to  acceptable 
thermal  performance  of  the  craft.  The 
rryopanel  configuration  used  to  simulate 
orbital  flux  as  well  as  flux  from  the  experi- 
ment cover  into  the  experiment  aperture  is 
shewn  ir  figures  20  and  21.  The  double  panel 
arrangement  offered  un  added  capability  to 
measure  the  heat  leak  of  the  experiment  to 
space.  Tlil-  was  particularly  important  to  the 
thermal  biJance  of  both  the  experiment  and 
the  spaciic.uft.  Predicted  and  measured  heat 
leaks  tor  both  experiments  to  space  were  on 


the  order  of  47  and  65  watts,  respectively,  for 
the  most  severe  conditions. 

The  system  test  program  was  compre- 
hensive; the  more  important  phases  of  testing 


Figure  17.  OAC  heater-skin  configuration  used  in  • 
Kstng  OAO  spaceemft. 
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Figure  18.  OAO-A2  thermal-model  test  configuration 
in  the  GSFC  simulator. 


Figure  19.  OAO-A2  spacecraft  wii/i  star-trod-, 
configuration  intact. 


that  affected  the  verification  of  the  thermal- 
control  treatment  at  the  system  level  of 
testing  are  listed  in  table  12.  (This  list  omits 
many  important  thermal  tests  at  a lower  level 
of  assembly;  e.g.,  optical  properties  of  flight 


Figure  20.  OAO-A2  experiment  aperture  cryopanel 
configuration  used  in  system  tests. 


4 LAYIR  MIL  /STRONGBACK  INSULATED 


Figure  21,  OAOA2,  WEP-SAO  experiment,  aperture 
cryopanel,  schematic  diagram;  configuration  used 
for  heat  leak  measurement  and  conditioning  dwing 
system  tests. 
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Table  12.  Important  Phases  of  Testing  that  Affected  Verification  of  System  Thermal-Control  Treatment 


Configuration 

Objective 

Test  Environment 

Heater  Skin 

Determine  a and  6,  and  compare 
Q solar  versus  Q infrared. 

Solar  and  Infrared 

Inertial  Model 

Determine  paddle  reflected  j 

and  infrared  inputs  to  skins 
and  determine  experiment  cover 
inputs  to  aperture  of  experiment. 

Solar  and  Infrared 

Thermal  Model 

Determine  adequacy  of 
thermal  design  and 
validate  analytic  model. 

Infrared-except  brief 
solar  test  to  check 
thermal  balance  of 
star-tracker  housing 

A-2  Early  TV 

A secondary  objective 
of  this  test  was  obtaining 
steady-state  conditions 
to  further  the  adequacy 
of  the  analytic  model. 

Infrared 

A-2  Final  TV 

A secondary  objective 
of  this  test  was  obtaining 
steady-state  conditions 
to  further  the  adequacy 
of  the  analytic  model. 

Infrared 

skins,  tests  of  louvers,  thermostat/heaters,  star 
tracker,  solar  arrays,  experiments,  etc.) 

The  thermal  analytic  model  of  the  space- 
craft was  originated  by  the  Grumman  Aircraft 
Engineering  Corporation  (GaEC),  contained 
305  nodes,  and  was  a lumped  parameter  type. 
The  average  temperature  of  a group  of  equip- 
ment m a bay  was  represented  at  a single 
node.  Separate  analytic  programs  were  avail- 
able for  the  most  critical  of  the  48  bays 
making  up  the  spacecraft,  and  separate 
detailed  analytic  progra:ns  were  available  via 
Arthur  D.  Little  (ADL)  Company  for  each 
experiment.  Considerable  effort  was 
expended  by  GAEC,  ADL,  and  GSFC  in 
validating  the  analytic  models.  During  the 
thermtl-model  test  phase,  an  arbitrary  limit  of 
10**C  was  established  as  a goal  for  correlation 
of  the  305-node  model.  Predicted  tempera- 


tures from  the  analytic  model  and  tempera- 
tures resulting  from  the  tests  were  compared, 
and  some  12  revisions  were  made  to  the 
coupling  parameters  in  the  model  before  the 
results  shown  in  table  13  were  obtained. 

It  was  obvious  tiiat  although  the  analytic 
model  was  not  perfected  in  many  respects, 
the  design  (with  few  adjustments)  was  sound 
with  regard  to  maintaining  equipment  temper- 
atures within  acceptance  limits.  The  early  TV 
tests  on  the  A-2  flight  were  to  obtain  proof  of 
functional  capability;  data  for  further  perfec- 
tion of  the  analytic  model  was  secondary  to 
the  test.  During  the  functional  test  phase,  the 
boundary  flux  was  raised  to  the  maximum 
expected  for  orbit  and  was  doubled  for  a 
short  time  by  inputting  an  equivalent 
maximum  absorbed  solar  flux  into  both  sides 
of  the  observatory,  simultaneously.  This  was  a 
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Table  13.  0A0-A2  Tdemetry  Steady-State  Temperature:  Predict  Versus  Test  Summary 


Orientation 

Node  Area 

No.  of  Nodes 

Nodes  Monitored 

Predict  to  Test 

AT.®C 

0-5® 

5-10® 

>10® 

Structure 

48 

8 

8 

Skins 

56 

50 

12 

24 

14 

0=123® 

WEP 

45 

6 

5 

1 

SAO 

51 

6 

3 

1 

2 

Components 

51 

43 

31 

10 

2 

Structure 

48 

8 

8 

Skins 

56 

50 

20 

13 

17 

0=45® 

WEP 

45 

6 

5 

1 

SAO 

51 

6 

4 

1 

1 

Components 

51 

43 

28 

13 

2 

Structure 

48 

8 

8 

Skins 

56 

50 

10 

20 

20 

0=90  “A” 

WEP 

45 

6 

5 

1 

SAO 

51 

6 

1 

1 

4 

Components 

51 

43 

29 

9 

5 

WEP  = Wisconsin  Experiment  Package  SAO  - Smithsonian  Astrophysical  Observatory 


maximum  temperature  stress  and  did  provide 
confidence  in  the  design  and  function  of  the 
craft.  Several  steady-state  thermal  conditions 
typical  of  the  thermal  model  test  were  ob- 
tained. Analytic  model  refinements  were  con- 
tinued by  GAEC  and  ADL. 

The  final  TV  test  on  the  observatory  was 
run  at  expected  orbital  boundary  conditions, 
and  additional  data  were  used  by  GAEC  for 
further  refinement  of  the  analytic  model. 
The  AT  between  predict  and  test  was  brought 
within  10"F. 

Throughout  the  thermal  testing,  the 
nodes  with  poorest  correlation  between 
analytical  prediction  and  test  were  the  skins. 
The  problem  was  caused  in  part  by  the  posi- 
tion of  the  thermocouple  used  to  monitor  the 
average  skin  temperature.  The  54  stimuli  used 
to  exercise  the  sensors  and  the  test  cabling 
that  blocked  the  structure  from  emitting 
between  skins  contributed  to  the  uncertainty 
in  the  configuration  effects. 


Despite  the  uncertainty,  the  testing  was 
boheved  to  be  thermally  conservative.  It  is 
essential  to  point  out  that  optical  functional 
testing  of  the  experiments  was  not  done 
during  the  system  thermal-control  or  func- 
tional testing;  means  were  not  available  to  do 
so.  The  optical  testing  of  the  experiments  was 
done  at  a subsystem  level  under  room- 
temperature  vacuum  conditions.  Alignment 
checks  were  performed  in  air  at  uniform  low 
temperature  at  the  experiment  subsystem 
level  and  in  air  at  the  spacecraft  system  level 
of  assembly. 

The  OAO-A2  was  launched  on 
December  7,  1968.  Flight  data  on  the  thermal 
performance  of  the  .A-2  are  being  evaluated; 
however,  preliminary  information  indicates: 

1.  Approximately  94  p.Tcent  of  the 
predicted  spacecraft  equipment  temperatures 
are  within  10°F  of  the  flight  data.  All  bays 
except  one  are  within  15“F  of  the  predic- 
tions. 
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2.  The  average  structure  temperature  is 
higher  but  within  10®F  of  prediction  except 
on  the  sunlit  side  of  the  craft  where  the  truss 
temperatures  near  the  ends  of  the  craft  are  12 
to  19°F  warmer  than  predicted.  Circum- 
ferential gradients  are,  in  general,  larger  than 
predicted  or  observed  in  testing. 

3.  Both  the  WEP*  and  SAO*  are  in- 
fluenced by  the  higher  average  structure 
temperature.  WEP,  being  more  closely 
coupled  to  the  structure,  has  Nebular, 
SteUar  1,  Stellar  2,  Stellar  4,  and  structure 
running  approximately  10®F  warmer  than 
predicted  at  ^=123°  and  lOl®  and  1 to  7®F 
warmer  at  ^=78®.  SAO  Uvicons,  telescopes, 
and  calibration  lamps  are  running  6 to  28®  F 
warmer  than  predicted  at  B=78®. 

The  candidate  causes  for  the  lack  of 
correlation  between  predicted  and  orbital 
temperatures  appear  to  be  related  to  un- 
expected flux  trapping  between  skins  along 
the  truss  line  and  at  the  hinge  line  of  the 
experiment  cover.  The  skin-temperature- 
predict  problem  appears  to  be  due  to  mstru- 
mentation  and  configuration  effects  in  the 
ground  tests  only. 
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Vibration  Isolation  of  Large  Masses  and  Vacuum  Chambers 

Robert  W.  Crawford 
Barry  Wright  Corporation 


Introduction 

The  theory  of  vibration  isolation  is  well 
developed  and  has  been  successfully  applied 
for  many  years.  When  the  isolation  require- 
ments are  modest  and  the  equipment  to  be 
isolated  is  very  simple,  simple  equations  can 
be  used  to  describe  the  motion  of  the  system; 
and  simple,  inexpensive  isolators  can  be  used 
to  solve  the  problem.  On  the  other  hand, 
when  the  equipment  is  complex  or  very 
precise  isolation  requirements  must  be  met, 
an  analytical  solution  often  becomes  imprac- 
tical. It  is  then  that  engineering  judgment  and 
experience  become  useful  tools  to  augment 
and  refine  the  solutions  indicated  by  analysis 
of  an  idealized  system. 

The  purpose  of  an  isolation  system  can 
be  either  to  protect  the  isolated  equipment 
from  its  dynamic  environment  or,  as  is 
commonly  the  case  for  machinery,  to  protect 
the  surrounding  structures  from  the  equip- 
ment. 

Until  relatively  recent  times,  “large 
loads”  were  limited  to  such  things  as  freight 
cars,  diesel  generators,  passenger  vehicles,  and 
the  like,  where  equipment  breakage  or  human 
comfort  were  the  prinapal  design  criteria. 

Conversely,  delicate  equipment  that 
required  a high  degree  of  vibration  isolation 
were  limited  in  size  to  table-top  experiments 
or  relatively  small  assemblies  of  electronic  or 
electromechanical  equipment. 

Technological  advances  beginning  in  the 
second  quarter  of  this  century  have  made  new 
demands  on  vibration  isolation  systems. 
Several  notable  areas  are: 

1.  Microwave  Comrruiucation  Systems. 
Physical  distances  between  critical  dements  in 


the  system  and  the  tolerances  on  these 
dimensions  vary  inversely  with  the  signal 
frequency.  Dynamic  relative  displacements 
within  the  equipment  must  be  limited  to  very 
small  values. 

2.  Nuclear  Warfare:  Protection  of 
Structures.  Ground  shocks  from  nuclear 
weapons  can  disable  strategic  military  instal- 
lations if  precautions  are  not  taken.  In  some 
cases,  entire  buildings  have  been  spring- 
mounted,  and  in  many  other  cases  isolation 
has  been  required  for  relatively  large  portions 
of  the  building  (e.g.,  rooms  or  floors). 

3.  Airborne  Electronics.  High-speed  air- 
craft and  missiles  are  subject  to  severe  buffet- 
ing and  acoustically  induced  vibration. 
Consequently,  the  relatively  fragile  electronics 
and  navigation  systems  require  increasingly 
effective  isolation. 

4.  Optical  Technology.  Optical  systems  . 
are  becoming  simultaneously  larger  and  more 
precise.  In  order  both  to  inspect  (during 
manufacture)  and  to  use  these  systems, 
vibration  must  be  reduced  to  the  lowest 
possible  level. 

To  meet  the  demands  of  the  advancing 
technology  in  these  areas,  the  technolo^^  of 
vibration  isolation  has  been  forced  to  keep 
pace.  In  many  cases,  conventional  rubber  or 
steel  springs  are  hopelessly  inadequate. 
Piieumatic  isolators  have  overcome  many  of 
the  pit>blems  and  are  now  fairly  common  in 
the  scientific  laboratory. 

There  are  many  variations  of  pneumatic 
isolation  systems.  Some  of  these  together 
with  their  control  systems  will  be  discussed  in 
this  paper.  In  addition,  some  applications  will 
be  (trussed  using  the  case-study  method. 
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Figure  3.  Singie-depee-of-freedom  sysiems  with  relaxation  damping. 


However,  any  attempt  to  excite  the  system 
into  a purely  horizontal  natural  mode  of  re- 
sponse will  be  futile;  the  system  will  rock 
instead.  The  coordinates  x and  or  are  coupled. 

This  is  a signiflcant  point  from  the  s^tand- 
point  of  writing  (or  trying  to  satisfy)  a system 
specification.  Suppliers  of  isolation  systems 


rmokKNCY  (e^M 

ngjiwe  4.  Tivnsmissibility  curve  for  syttem  with 
relaxation  damping. 


are  often  faced  with  the  dilemma  of  showing 
acceptance  test  results  that  “prove”  they  have 
met  a horizontal  stiffness  requirement  by 
measuring  the  horizontal  natural  frequency  of 
the  system. 

Figure  7 is  a useful  nomograph  for  re- 
lating the  rotational  properties  of  a system  to 
the  translational  stiffnesses  of  the  springs  and 
the  inertial  properties  of  the  mass.  In  this 
figure,  p is  the  radius  of  gyration;  kx  and  ky 
are  the  horizontal  and  vertical  stif^fnesses;  ccy 
is  the  vertical  natural  frequency,  which  has 
tv’o  values.  Dimensions  and  coordinates  are  as 

z 


X 

Figures.  Definition  of  coordinates. 
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(a)  Base^mounted  system 


figure  6.  Multidegree-of-freedom  systems. 


I 


defined  in  flgu/e  6.  The  following  numerical 
example  has  been  worked  out  to  illustrate  its 
use.  Suitable  symmetry  conditions  have  been 
assumed. 

Example:  Assume  the  load  is  a homo- 
geneous 3-inch  cube  with  a density  of  SO 
!b/ft^ . The  system  is  to  have  a vertical  natural 
frequency  of  3 hertz,  and  the  springs  have  a 
horizontal  to  vertical  stiffness  ratio  of  2:1. 
Springs  are  located  as  shown  in  figure  6(a). 
What  are  the  coupled,  rotational,  natural 
frequencies? 

Reference  to  figure  7 reveals  that,  aside 
from  the  dimensions  a and  b (each  being  18 
inches),  the  radius  of  gyration  p is  the  only 
other  parameter  required  beiore  the  values  for 
cuc  can  be  determined.  This  can  be  evaluated 
by  using  the  relationships 


-y  (a’  + b») 

(11) 

^J/m 

(12) 

where  J is  the  polar  moment  of  inertia  about 
an  axis  parallel  to  the  z-axis  and  passing 
througji  the  center  of  gravity  and  where  m is 
the  total  mass  of  the  body. 

After  performing  the  arithmetic,  it  is 
found  that  the  two  values  of  (Uc  are  2.2  and 
7.1  hertz.  Note  that  one  of  ttiese  frequencies 


is  above  the  vertical  natural  frequency  and  the 
other  is  below  it;  this  is  normally  the  case. 

Dynamic  Environments 

For  most  optical  applications,  it  is 
desired  that  the  mounting  surface  be  fixed  in 
space  and  “vibration-free.”  Neither  of  these 
two  criteria  can  be  absolutely  achieved.  Tilt 
and  vibration  to  some  degree  are  unavoidable. 
The  problem  in  the  design  of  each  experiment 
or  facility  is  to  determine  the  tradeoffs  be- 
tween cost  and  performance  and  to  negotiate 
a compromise  between  the  tv/o. 

Ills  tilt  of  a foundation  can  be  caused 
by  earthquake  waves,  earth  tides,  thermal  dis- 
tortion of  buildings  or  surrounding  ground, 
and  instability  of  construction  materials. 
Daily  variations  normally  fall  within  the  range 
of  ±3  arc  seconds,  and  yearly  variations  up  to 
irO  arc  seconds  have  been  recorded.  Transient 
tilts  are  most  commonly  the  result  of  chang- 
ing thermal  conditions,  and  permanent  tilts 
are  usually  the  result  of  earthquake  waves  or 
the  settling  of  a structure  on  a soil  founda- 
tion. 

If  tilt  is  a critical  factor  and  the  building 
tilt  exceeds  the  allowable  amount,  a compen- 
sation system  must  be  provided  under  the 
experiment.  Such  systems  normally  are  refe^ 
enced  to  the  local  gravity  vector  and  may  or 


I 


I 

! 
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may  not  be  incorporated  into  an  isolation 
system.  Usually,  they  are. 

Figure  8 illustrates  schematically  one 
type  of  sensor  used  in  gravity  reference  sy 
terns.  A pendulum  is  suspended  froni  the  plat- 
form to  be  stabil'<;ed.  The  nozzles  on  each 
side  of  the  pendulum  are  also  attached  to  the 
platform.  When  the  platform  tilts,  the  gaps 
between  the  pendulum  and  the  two  nozzles 
change;  this  causes  the  back  pressure  to  go  up 
in  one  nozzle  and  down  in  the  other.  The 
difference  between  the  two  pressures  is  con- 
verted to  an  error  signal,  which  is  used  to  con- 
trol a leveling  mechanism. 

Long-terv  tilts  can  be  compensated  for 
very  accurately  with  this  type  of  system. 
Figure  9 u a plot  of  actual  data  from  a gravity 
reference  syste"*  (fnstalled  by  the  Barry  Con- 
trols Division  of  the  Barry  Wright  Corpora- 
tion) at  a military  facility  for  the  testing  and 


calibration  of  inertial  guidance  equipment. 
Tilts  of  the  foundation  measured  over  a 
62-hour  period  reached  a value  of  2.1  arc 
seconds  while  the  tilt  of  the  platform  never 
exceeded  0.2  arc  second. 

In  ..lost  cases,  however,  tih  is  not  a prob- 
lem but  vibr-*tion  dcHnitely  is.  The  vibration 
environment  may  be  due  to  many  factors  and 
will  usually  contain  components  with  signifi- 
cant amplitudes  in  the  frequency  range  from 
less  than  1 hertz  to  several  thousand  hertz. 
The  frequency  lange  of  interest  is  usually 
limited  from  approximately  1 .0  to  500  hertz. 
In  response  to  disturbing  frequencies  lower 
than  1.0  heitz,  the  structure  of  concern  " Ml 
normally  respond  as  a rigid  body,  and,  in 
most  cases,  this  will  allow  the  experiment  to 
be  conducted  successfully.  For  disturbing  fre- 
quencies higher  than  SOO  hertz,  a number  of 
factors  usually  exist  that  contribute  to  the 
success  of  the  experiment: 

1.  Support  structure  tends  to  isolate 
high  frcquencie.s. 

2.  Amplitudes  of  high-frequency  dis- 
turbance s are  small. 

3.  Hysteresis  damping  in  the  materials 
of  the  structure  or  equipment  tend  to  reduce 
the  effect  of  high-frequency  disturbances. 

4.  Important  stri4ctui'3l  resonances  in 
the  equipment  are  usually  well  below  SOO 
hertz. 

One  common  method  ef  classifying  vi- 
bration is  shown  in  figure  10.  In  this  scheme, 
earth  motion  due  to  the  forces  of  nature  are 
divided  into  two  ranges:  (I ) strong  motion  (in 
the  seismic  range)  associated  with  earthquakes 
and  (2)  microseismic  vibration  that  exists  to 
uome  degree  all  the  time  and  everywhere.  The 
“induf^rial”  range  represents  man-made  vibra- 
tion, which  is  gener^y  higher  in  both  inten- 
sity and  frequency. 

In  the  Held  of  laborarory  vibrati.>n  isola- 
tion, we  are  not  usuaby  concerned  with 
strong  motion  earthquakes,  and,  for  the  sake 
of  simplicity,  we  abbreviate  “microseismic** 
to  “seismic**  and  limit  our  attention  to  the 
two  regions  defined  approximately  by 
figure  II. 

Figures  12,  13,  and  14  show  some  typi- 
cal vibration-survey  data.  Figures  12  and  13 
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Th«  nototiont  ort  dcfinadot  follows: 

A-  orifico  oroo,ii> 

d-diomotor,ln 

k-Cp/Cv 

P-obsoluto  prossuro.psio 
R-gos  constont,  2.S  x ioPiii9'toc**R 
T-tomporoturt,*R 
V-volumo,in* 

Wp-woight  of  pendulum 

X^-steodystote  position  of  pendulum 
relot  ive  tonoxzle.in 
X„-relotive  displacement  of  pendulum 
from  moon  position, in 

Subscripts  denote  the  following; 


* — i- air  supply 

m-sensing  circuit 
n -nozz le 


Figure  8.  Schematic  diagram  of  flapper-nozzle  amplifiers. 


show  the  nature  of  the  vibration  environment 
at  a relatively  quiet  research  facility,  indoors 
and  outdoors,  during  normal  working  hours. 
Figure  14  shows  similar  data  for  a manufac- 
turing facility.  In  this  figure,  the  method  of 
analysis  yielded  the  rms  magnitude  of  vibra- 
tion over  a time  interval;  therefore,  these  data 
do  not  show  the  maximum  magnitude  of 
transient  vibrations  such  as  might  be  caused 
by  punch  presses  and  other  short-duration 
events. 

Specifications 

Perhaps  the  best  way  to  obtain  a good 
specification  for  an  isolation  system  is  by 
collaboration  between  the  user  and  the 
supplier.  All  too  often  when  the  user  writes 
the  specification  by  himself,  he  in.'^dvertently 
incurs  unnecessary  expense  by  specifying 
properties  he  does  not  really  need.  On  the 


other  hand,  he  can  also  incur  additional 
expense  by  overlooking  a critical  point  that 
will  eventually  require  a “field  fix.” 


«E(» 

FOUMMTION 


to  ts  SO  H 40  4S  SO  M M 
ELWKO  TIME-HOUm 


Figure  9.  Platform  tilt  versus  foundation  tUt. 
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It  is  sometimes  desirable,  however, 
especially  in  the  early  stages  of  a program,  to 
write  a preliminary  specification  without  the 
help  or  influence  of  a potential  supplier.  The 
following  is  a brief  discussion  of  the  critical 
points  of  a specification  to  indicate  to  the 
experimenter  what  can  and  should  be  ex- 
pected of  a typical  isolation  system. 

Although  the  outline  of  a specification 
will  vary  somewhat  with  the  application,  a 
typical  outline  would  cover  the  following 
topics: 

1 . General 

a.  Description  of  the  equipment  to 
be  isolated,  including  dimensions  and  inertial 
properties 

b.  Description  of  the  site,  includ- 
ing allowable  floor-loading,  space  available  for 
the  isolation  system,  and  the  preferred  instal- 
lation configuration,  if  there  is  one 

2.  Performance 

a.  General  objectives,  (for  refer- 
ence and  understanding  only) 


b.  Natural  frequency  or  fre- 
quencies. Usually,  the  best  way  is  to  specify 
the  most  important  direction  and  then  to 
lump  the  remaining  five.  For  example:  The 
vertical  natural  frequency  shall  be  2 hertz  or 
less.  All  others  shall  be  4 hertz  or  less. 

c.  Transmissibility.  Transmissi- 
bility  may  have  different  characteristics  in  the 
different  modes  of  response.  It  is  best  to  be 
specific  only  in  regard  to  the  most  important 
direction(s).  A maximum  transmissibility 
envelope  is  the  clearest  and  simplest  way  to 
attain  the  objective. 

3.  Materials  and  Workmanship  (Self- 
explanatory.) 

4.  Work  Schedule  (Self-explanatory.) 

5.  Accessoriti  Required 

a.  Air  supply.  Pneumatic  systems 
normally  use  available  “shop  air”  supply,  but 
the  user  may  desire  the  supplier  to  provide  a 
compressor  with  the  system. 

b.  Interface.  Interfacing  require- 
ments should  be  stated  regarding  attachment 
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Figure  12.  Vibration  survey  data  for  normal  outside  environment. 


hardware,  reaction  mass  (if  one  is  necessary), 
flexible  couplings,  etc. 

c.  Controls.  Dual  controls  may  be 
desirable,  especially  if  the  system  occupies 
two  levels  in  a building. 


d.  Indicators.  Remote  indicators 
of  the  systen)  status  are  sometimes  desired. 

e.  Spare  parts. 

f.  Operating  and  maintenance 

manuals. 
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Figure  13.  Vibration  survey  data  for  normal  laboratory  environment. 


6.  Warranty 

TypicJdly,  30  to  90  days  is  offered. 
The  user  must  state  what  he  expects;  other- 
wise, he  will  get  what  the  manufacturer 
normally  olfers. 


7.  Acceptance  Criteria 

The  extent  of  acceptance  testing 
required  can  greatly  influence  the  cost  of  a 
system.  Therefore,  the  user  should  keep  it  to 
the  absolute  minimum,  but  he  should  not  buy 


Figure  14.  RMS  ground  vibration  level  in  an  industrial  facility. 
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a “pig  in  a poke,”  Often,  a combination  of 
test  and  calculation  is  the  most  practical  and 
least  expensive  way  to  evaluate  performance. 

Perhaps  the  most  important  aspect  of  a 
specification  is  the  acceptance-test  procedure 
prescribed.  The  supplier  of  the  isolation  sys- 
tem cannot  be  held  responsible  for  the 
internal  dynamic  properties  (resonances)  of 
the  isolated  equipment,  but  these  character- 
istics will  often  confuse  the  test  data  to  the 
point  of  making  them  useless.  (An  example  of 
this  is  given  in  the  case  studies  discussed 
further  on  in  this  paper.)  Even  if  the  isolated 
equipment  is  a rigid  body  (this  is  never  really 
true,  but  sometimes  approximately  so),  cou- 
pling between  the  modes  of  response  often 
makes  it  difficult  to  identify  the  component 
of  response  being  tested.  The  experimenter 
usually  wants  experimental  proof  that  the  iso- 
lation system  does  everything  it  is  supposed 
to  do,  but,  in  practice,  this  proof  is  usually 
very  Mficult  and  very  expensive  to  obtain. 
The  experimenter  would  be  well  advised  to 
discuss  this  thoroughly  with  his  supplier  and 
independent  consultants  before  specifying  the 
acceptance  procedure. 

Advantages  of  Pneumatic  Isolators 

Steel  springs  have  four  disadvantages  as 
isolators: 

1 . They  are  undamped. 

2.  I'hey  ring  (transverse  vibration  of  the 
wire  in  the  spring). 

3.  They  surge. 

4.  They  transmit  high  frequencies 
through  the  wire. 

All  of  these  cause  vibration  to  be  intro- 
duced to  the  isolated  equipment.  In  non- 
ciitical  applications,  these  disadvantages  may 
be  outweighed  by  the  relatively  low  cost  of 
steel  springs,  but,  in  most  critied  applications, 
they  are  not  satisfactory. 

Rubber  pads  (shear  or  compression) 
overcome  the  ^t  thm  disadvantages  of  steel 
springs  fairly  well,  but  they  have  their  own 
disadvantages:  (l)hi^frequency  isolation 
better  than  steel  springs  but  stilt  not  good 
enough  and  (2)  impractical  for  achieving  low 
natural  frequencies. 


Pneumatic  springs,  on  the  other  hand, 
have  a number  of  properties  that  make  them 
especially  v/cll  suited  to  low-frequency,  high- 
quality  isolation: 

1.  The  low  mass  density  (essentially 
that  of  air)  reduces  surge  energy  to  practically 
zero, 

2.  High-frequency  isolation  is  ex- 
tremely good  (transmission  only  through  the 
shell  or  bag  material). 

3.  Very  low  natural  frequencies  are 
attainable  with  low  volume  requirement. 

4.  Constant  operating  height  and  level- 
ness can  be  maintained  because  pneumatic 
springs  are  controllable. 

5.  FrcT  height  of  spring  is  approx- 
imately equal  to  the  operating  height  (zero 
static  deflection). 

6.  “Sprung-damping”  can  be  achieved, 
which  further  improves  high-frequency 
attenuation. 

Within  the  general  class  of  pneumatic 
springs  a number  of  types  exist.  The  many 
control  systems  possible  further  multiply  the 
variations  in  design  and  performance  that  can 
be  encountered.  There  are  two  basic  types  of 
pneumatic  springs  in  common  usage:  (\)air 
"bags,  ’’  which  are  usually  rubber-coated 
fabrics  with  appropriate  stiffeners  and  fit- 
tings, and  (2)  air  cylinders,  which  are  rigid 
containers  with  a piston  and  some  sort  of 
flexible  seal  between  the  two. 

The  air  cylinders  offer  tv/o  distinct 
advantages: 

1.  The  diaphragms  used  in  the  better 
types  are  relatively  narrow.  As  a result,  the 
stresses  induced  are  low,  and  the  diaphragm 
can  be  made  very  thin  and  flexible.  The  lack 
of  mass  and  cross-sectional  area  enable  very 
effective  isolation  at  very  high  frequencies. 

2.  Column  stiffness  is  provided  by  the 
rigid  cylinder,  enabling  relatively  tall  (and 
therefore  low-frequency)  isolators  to  be  used 
without  sacrificing  static  stability. 

The  control  systems  used  vary  in  details, 
but  all  perform  the  same  function;  namely, 
they  sense  the  height  of  the  isobted  equip- 
ment and  adjust  the  air  pressure  as  required  to 
maintain  the  system  at  some  predetermined 
height.  The  accuracy  with  which  this  is  done 
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varies  greatly,  but  very  precise  height  controls 
(±0.0001  inch)  are  av^able. 

Case  Studies 

Case  Study  I:  Isolation  of  a Large  Vacuum 
Chamber 

This  story  is  based  upon  an  actual  case; 
however,  some  details  have  been  simplified 
for  the  sake  of  rl^rity. 

The  vacuum  chamber  was  approximately 
6 feet  in  diameter  and  10  feet  long.  Rigidly 
attached  to  each  end  was  an  antechamber 
about  3 feet  in  diameter  and  S feet  long.  The 
total  weight  of  this  assembly  was  about 
50,000  pounds.  The  assembly  was  supported 
by  a pneumatic  isolation  system  on  the 
second  floor  of  a modem  research  facility. 
Suspended  from  the  main  chamber  were  two 
large  diffusion  pumps,  which  penetrated  the 
floor  and  came  to  within  approximately 
2 feet  of  the  base  slab  of  the  building.  The 
mechanical  pumps  associated  with  the 
chamber  were  on  two  concrete  blocks  that 
were  also  pneumatically  isolated  on  the  lower 
level.  Figures  15  and  16  show  schematically 
the  installation  conflguratiun  with  most 
interconnecting  details  omitted. 

Other  than  the  mechanical  equipment  in 
the  vacuum  system,  there  was  no  machinery 
in  the  vicinity  to  generate  disturbing  vibra- 
tions; ‘‘background"  vibration  caused  by 
equipment  elsewhere  in  the  building  was  at  a 
low  enough  level  to  be  easily  isolated. 


The  principal  direction  of  concern  for 
the  chamber  was  vertical.  It  was  decided  that 
the  natural  frequency  in  this  direction  should 
be  0.75  hertz  or  less.  The  horizontal  natural 
frequency  selected  was  2.5  hwtz  or  less. 

The  pump  pallet  was  isolated  with 
isolators  providing  a vertical  natural  fre- 
quency of  2.2  hertz,  and  a pallet  with  a large, 
rather  violent  compressor  was  provided  with  a 
1 .5  hertz  isolation  system. 

The  flexible  couplings  connecting  the 
mechanical  pumps  to  the  chamber  were 
important  to  the  performance  of  the  system. 
Because  there  was  concern  about  the  high- 
frequency  transmissibility  of  the  conventional 
bellows  type  of  couplings,  couplings  of  a 
superior  type  were  recommended  and  pro- 
vided. Other  interconnections  to  the  vacuum 
chamber  that  had  to  be  considered  were: 

1 . Electrical  cables  for  instrumentation 
and  control 

2.  Flexible  couplings  in  the  liquid  nitro- 
gen lines 

3.  Coolant  water  lines 

4.  Pneumatic  control  lines  for  the 
valves  in  the  vacuum  system 

5.  Bracketry  for  supporting  all  of  the 
first  four  items  listed. 

The  designers  of  the  vacuum  system  kept 
rigidity  in  mind  and  attempted  to  support  all 
piping  in  the  manner  that  would  yield  the 
highest  structural-resonant  frequencies  and  to 
provide  adequate  flexible  connections  in  all 
interconnections  to  the  chamber. 


Figure  15.  Isolated  vacuum  dumber  system,  dde 
view. 


Figure  16.  Isolated  vacuum  clumber  system,  end 
vkw. 
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The  system  design  and  installation 
proceeded  at  the  usual  “gotta-meet-the- 
schedule”  pace,  was  finished  only  slightly 
behind  schedule,  was  turned  on,  and  “didn’t 
work”;  that  is,  vibiation  of  the  vacuum 
chamber  was  too  great  for  the  intended  use  of 
the  system. 

A lengthy  test-and-analysis  phase  ensued 
in  which  every  possible  vibration  source  and 
transmission  path  was  evaluated.  At  the  con- 
clusion of  this  study,  it  was  determined  that 
the  main  problem  was  the  existence  of  high 
“Q”  structural  resonances  in  the  plumbing 
attached  to  the  chamber,  which  were  being 
excited  by  relatively  low-level  vibrations  being 
transmitted  through  all  of  the  various  flexible 
connections.  (There  was  an  estimated  total  of 
about  30  such  connections.) 

Everyone  in/olved  did  not  agree  with 
this  diagnosis.  In  fact,  there  was  strong 
support  for  the  conclusion  that  the  isolation 
system  was  inadequate,  and  particular  blame 
for  this  was  directed  toward  the  special 
flexible  couplings  in  the  vacuum  lines. 
Fortunately,  this  viewpoint  did  not  prevail, 
and  a “fix”  was  instituted  that  consisted  of: 

1 . Detaching  the  8-inch  and  3-inch 
vacuum  hues  from  the  chamber  as  close  to  the 
chamber  as  possible  and  inserting  additional 
couplings 

2.  Rigidly  mounting  the  piping  between 
the  two  sets  of  coupling  to  the  building  floor 

3.  Rechecking  all  other  interconnec- 
tions and  improving  the  flexible  couplings  in 
them  wherever  possible. 

These  modifications  are  illustrated 
schematically  in  figure  17.  It  should  be  noted 
that  the  isolation  system  itself  (the  isolators 
supporting  all  of  the  equipment)  was  not 
altered  in  any  way. 

At  the  conclusion  of  this  rework,  the 
system  was  tested  once  again  and  found  to 
surpass  the  specification  requirements. 

There  are  two  points  to  be  made  by  this 
case  study.  First,  flexible  couplings  from 
isolated  equipment  to  the  foundation  or  other 
equipment  can  and  often  do  transmit  more 
vibration  to  the  equipment  than  do  the 
vibration  isolators.  Second,  even  with  good 


isolation  and  flexible  couplings,  internal  reso- 
nances can  be  excited  to  very  high  levels  by 
small  amounts  of  energy. 

Case  Study  II:  The  Design  and  Isolation  of  a 
50-Foot  Optical  Bench 

The  purpose  of  this  example  is  to  illus- 
trate typical  design  approaches  to  optica! 
bench  problems  and  some  further  advantages 
of  low-frequency  pneumatic  systems. 

The  basic  requirements  for  an  optical 
bench  are  that  it  provide  a work  surface  that 
is  rigid  and  well  isolated.  The  specific  require- 
ment in  this  case  was  for  a reinforced  con- 
crete bench  50  fe?  ‘ long  and  4 feet  wide.  The 
depth  of  the  beam  in  this  case  was  4.5  feet. 
(A  length-to-height  ratio  of  about  10  is 
typical.) 

If  the  effect  of  the  reinforcing  steel  is 
neglected  (which  can  be  done  with  small 
error),  the  natural  frequency  of  a solid  beam 
of  these  dimensions,  simply  supported,  would 
be  about  7.8  hertz. 

Supporting  the  beam  on  a soft  isolation 
system  (fj.  « fjj,  where  fj.  .ind  fj,  are  the 
natural  frequencies  of  the  isolator  and  of  the 
beam,  respectively)  has  the  effect  of  causing 
the  beam  to  vibrate  in  a free-free  mode.  When 
this  condition  exists,  the  frequency  of  the 
first  bending  mode  of  vibration  is  increased 
by  a factor  of  about  2.3.  In  ttiis  specific  case, 
the  frequency  of  this  mode  increases  from  7.8 


Figure  17.  Improved  isolated  vacuum  chamber 
system,  end  view. 
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j hertz  to  17.8  hertz.  This  is  equivalent  to 
..  increasing  the  stiffness  of  the  beam  by  a 
I factor  of  about  5. 

; A further  improvement  can  be  obtained 

: by  increasing  the  stiffness-to-weight  ratio  of 

the  beam.  In  the  case  being  reviewed,  this  was 
done  by  casting  a 30-inch-diamctcr  cylindrical 
void  through  the  length  of  the  beam  (fig.  1 8). 
i This  increased  the  fundamental  frequency  of 
the  beam  another  14  percent  to  about  20.3 
cycles  per  second  while  decreasing  the  weight 
to  be  isolated  by  36,800  pounds,  a 27-percent 
. decrease  in  weight. 

To  illustrate  the  improvement  in 
j performance  of  the  isolated  hollow  block  over 

I the  solid,  simply  supported  block,  let  us 

I assume  that  the  floor  has  a predominant 

f disturbing  frequency  of  1 0 hertz  (which  is  not 

' unconunon).  A block  of  this  construction 

] would  be  moderately  well  damped,  having  a 

; transmissibility  at  resonance  of  about  5.  Using 

I transmissibility  curves  for  viscously  damped 

‘ systems  (fig.  2),  it  is  found  that  the  10-hertz 

f ^turbance  would  be  amplified  by  the  simply 

I supported,  7.8-hertz  beam  by  about  50 

i percent. 

The  isolated  hollow  beam  has  to  be 
i considered  in  two  steps;  J)the  response  of 
i.  the  beam  to  inputs  at  its  support  points  and 
(2)  the  attenuation  of  the  disturbing  fre- 
' quency  by  the  isolators.  With  regard  to 

V Step  1,  the  beam  now  has  a fundamental 

f.  frequency  of  about  20  hertz,  and,  instead  of 

I amplifying  10-hertz  inputs,  it  will  attenuate 

I them  by  about  60  percent.  This  difference 

I alone  accounts  for  an  improvement  of 

I approximately  4 to  1 over  the  simply  sup- 

I ported  solid  l^am. 

I 


-4’- 


(a}  Simply  supported  soHd  bench 


If  the  isolation  system  is  assumed  to 
have  a 1.6-hertz  natural  frequency  (which  is 
typical),  the  transmissibility  of  the  10-hertz 
disturbmg  frequency  will  be  about  O.i 
(attenuation  of  about  90  percent  before  it 
gets  to  the  block).  The  combined  effects  will 
result  in  approximately  a 40:1  improvement 
with  regard  to  the  relative  transmissibility  of 
the  10-hertz  disturbance. 

Secondary  benefits  of  the  h '’.low  block 
are  that  the  floor  loadings  will  be  lower  and 
that  an  isolation  system  with  lower  load 
capacity  can  be  used.  Both  of  these  will  result 
in  a lower  installation  cost. 

Development  and  Trends  in  the  Vibration 
Isolation  of  Optical  Systems 

The  isolation  systems  that  have  been 
discussed  in  the  two  case  studies  represent 
state-of-the-art  techniques  now  available  to 
solve  the  more  critical  vibration  isolation 
problems.  The  solutions  are  not  always  per- 
fect, however,  and  one  wonders  what  is  being 
done  or  can  be  done  to  make  better  solutions 
available  to  science  and  industry. 

Actually,  there  is  a continuous  effort 
being  exerted  in  this  field.  The  now  famous 
Rolamite,  developed  at  Sandia,  has  been  cited 
as  the  only  significant  mechanical  invention 
of  the  twentieth  century.  It  is  a spring  that 
has  infinitely  variable  force-deflection  char- 
acteristics. Research  and  development  by 
other  companies  is  being  carried  on  with 
other  objectives;  for  example,  to  obtain  sys- 
tems with  very  low  natural  frequencies 


Ftgure  18.  Optical-bench  bending  frequendes. 


748 


OPTICAL  TELESCOPE  TECHNOLOGY 


without  paying  the  price  of  large  static  deflec- 
tions. The  pneumatic  systems  now  available 
were  the  first  step  in  this  direction;  the  ad- 
verse effects  of  static  deflection  have  been 
eliminated  by  using  servo-valves  to  vary  pres- 
sure with  load.  These  systems  have  literally 
zero  static  deflection.  The  properties  of  these 
systems,  however,  are  still  space-limited  in  a 
sense,  llie  natural  frequency  depends  on  the 
volume  of  air  in  the  isolators. 

A large  portion  of  the  research  and 
development  in  this  field  is  being  directed  at 
active  servocontrolled  isolation  systems.  With 
the  use  of  electronic  control  systems  in  con- 
junction with  hydraulics,  pneumatics,  and 
mechanisms,  the  relationship  between  the 
static  deflection  of  a spring  and  its  isolation 
properties  has  been  eliminated.  Ele^tro- 
hydjraulic  systems  that  have  been  made  and 
Slave  been  successfully  demonstrated  occuoy  a 
space  of  about  one  cubic  foot  and  have  a 
natural  frequency  of  0. 1 hertz  (refs.  7,  8,  9, 
and  10).  If  a passive,  conventional  spring  were 
used,  such  a system  would  have  a static  dis- 
placement of  over  80  feet,  which  would 
require  a spring  at  least  as  long  as  that  and 
probably  200  feet  or  more  in  length.  Further- 
more, these  systems  can  be  made  with  uni- 
lateral properties  so  that  forces  applied  to  one 
end  “see”  a very  soft  spring,  but,  when 
viewed  from  the  other  end,  the  system 
appears  to  be  very,  very  stiff.  In  certain 
applications,  this  is  a tremendous  advantage 
over  passive  systems. 

Another  development,  recently  revealed, 
is  an  electromechanical  feedback  control 
system,  which,  when  used  with  a pneumatic 
isolation  system,  will  lower  its  natural 
frequency  by  an  order  of  magnitude.  These, 
too,  can  be  designed  with  unilateral  prop- 
erties; however,  most  of  the  advantages 
obtained  by  the  active  feedback  systems 
occur  in  the  frequency  range  from  very  lev.' 
frequencies  (a  fraction  of  1 hertz)  to  about  30 
hertz.  Although  this  is  frequently  a very 
important  frequency  range,  the  optical  re- 
searcher is  affected  as  much  or  more  by 
structural  resonances  within  or  around  his 
equipment;  and  these  resonances  are  usually 
in  the  approximate  range  of  20  to  200  hertz. 


In  this  range,  isolation  efficiencies  of  95 
percent  or  better  are  now  attainable  by  using 
well  designed  and  well  applied  systems. 

It  has  been  the  experience  of  the  author 
that  the  isolation  goals  are  often  thwarted  Vy 
so-called  “peripheral  effects.”  Probably  he 
most  common  and  most  disturbing  of  these 
peripheral  effects  is  acoustic  coupling 
between  the  isolated  equipment  and  the 
surroundings.  This  is  especially  true  with 
vacuum  chambers.  Most  vacuum  chambers  are 
excellent  gongs;  they  have  a multitude  of 
resonant  frequencies  (most  of  them  in  the 
audible  range)  and  extremely  little  damping. 

Another  problem  often  encountered 
results  from  the  tendency  of  experimenters  to 
build  their  equipment  “i  la  Erector  set.”  Lens 
and  mirror  makers  have  long  recognized  the 
necessity  of  designing  good  supports  for  their 
optics,  but  they  often  overlook  the  same 
requirement  when  designing  auxiliary  struc- 
tures, brackets,  and  instrumentation.  Con- 
sequently, structural  resonances  in  this 
equipment  often  cause  trouble. 

If  the  adage  “an  ounce  of  prevention  is 
worth  a pound  of  cure”  is  applied,  then  new 
research  facilities  should  be  planned  with  the 
vibration  problem  in  mind.  This  includes 
selection  of  the  site  as  well  as  the  architecture 
of  the  building.  Vibration  and  noise  trans- 
missibility  should  be  included  in  the  criteria 
for  selection  of  building  materials  and  tech- 
niques. The  mechanical  equipment  in  a build- 
ing (air  compressors,  pumps,  etc.)  should  be 
remotely  located,  if  possible,  as  should  be  any 
auxiliary  support  functions,  such  as  machine 
shops,  printing  facilities,  and  any  others  that 
generate  acoustical  noise  or  mechanical  vibra- 
tion. Effort  in  these  areas  will  greatly  reduce 
the  isolation  requirements  and  also  the 
problems  to  be  solved  for  the  sensitive  expe^ 
iments  to  be  conducted  in  the  building. 

Another  area  thri  definitely  requires 
more  study  and  development  is  the  design  of 
vacuum  chambers.  Materials  and  designs  to 
date  have  been  selected  prinrtarily  on  the  basis 
of  strength  and  outgaising  properties.  Stain- 
less steel  cylinders  and  spheres  satisfy  these 
requirements  but  are  frustrating  to  deal  with 
from  the  standpoint  of  vibration  control 
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Solid  (homogeneous)  and  laminated 
materials  have  been  developed  that  have 
excellent  damping  properties,  but  these 
materials  have  been  developed  for  quite  dif- 
ferent applications  (primarily  for  chassis  and 
mounting  bases  for  airborne  electronics); 
hence,  the  materials  and  techniques  are  not 
suitable  for  vacuum  chamber  applications.  On 
the  other  hand,  the  principles  used  would 
apply  to  vacuum  chambers.  This  is  a field  that 
forward-looking  manufacturers  of  vacuum 
systems  might  be  well  advised  to  investigate. 

Externally  applied  materials  to  absorb 
vibration  eneigy  would  seem  to  be  a practical 
alternate  approach,  but,  to  the  best  of  the 
author’s  knowledge,  little  or  no  effort  has 
been  spent  on  developing  this  idea.  Studies  of 
the  effect  of  externally  applied  materials  need 
not  involve  drastic  redesign  of  the  chambers; 
thus,  the  studies  would  be  easier  and  less 
expensive. 

Summary 

Although  the  theory  of  vibration  iso- 
lation is  well  developed  and  has  been 
successfully  applied  for  many  years,  the  ever- 
increasing  demand  for  better  isolation  forces  a 
much  closer  scrutiny  of  the  environment,  of 
the  equipment  to  be  isolated,  and  of  the  iso- 
lation systems  and  their  controls. 

Electronic  feedback  control  systems  are 
being  developed  which  make  many  heretofore 
unattainable  isolation  characteristics  feasible. 
These  are  concerned  primarily  with  attitude 
and  position  control  and  with  improvements 
in  low-frequency  (up  to  approximately  30 
hertz)  isolation.  Although  these  are  often 
matters  of  concern  to  optics  experimenters, 
isolation  of  higher  frequencies  is  just  as 
important,  or  more  so. 

No  great  breakthroughs  are  currently 
envisioned  that  will  make  a dramatic  improve- 
ment in  the  isolation  of  vibration  in  the 
middle  to  high  frequency  ranges;  however, 
signiHcant  improvement  can  be  achieved  by 
taking  the  “systems  approach.”  The  vibraticn 
sources  (including  the  natural  environment) 
must  be  considered,  and  steps  must  be  taken, 
where  possible,  to  control  the  source.  In 
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many  cases,  vibration  transmi.'rion  paths, 
which  include  the  building  structure  am.  the 
air  within  it,  can  be  improved  at  moderate 
cost.  Finally,  the  laboratory  equipment, 
including  the  instrumentation  and  its  sup- 
ports, can  usually  be  designed  with  hi^ 
resonant  frequencies  and  good  damping 
properties.  Such  design  will  greatly  reduce  the 
vibration  problem. 

Vibration  exists  and,  in  all  likelihood, 
will  continue  to  cause  problems  as  long  as 
man  continues  to  make  things  that  go.  The 
most  effective  and  economical  approach  to 

solving  these  problems  is  to  search  them  out  ^ 

at  the  earliest  possible  stage,  preferably  in  the 
conceptual  phase  of  a program,  and  to  con- 
sider the  isolation  as  part  of  the  system  and 
not  merely  an  accessory  to  it. 
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Degradation  Due  to  Contaminants 
Throughout  the  Test  Cycle 


Fred  W.  Paul 

NASA  Goddard  Space  Flight  Center 


\ 

'(  Contamination  rather  than  degradation 

■ is  the  principal  concern  of  the  discussion 
<;  within  this  paper.  If  we  devote  our  attention 
t to  the  optical  system,  the  type  of  degradation 
I to  be  expected  is  a weakening  or  loss  of  the 
: optica]  signal.  In  many  cases,  this  will  be 

? wavelength-dependent;  hence,  some  distortion 
of  the  spectrum  will  occur.  Other  types  of 
degradation  also  occur.  For  example,  a stray 
bit  of  lint  or  a dust  particle,  when  illuminated 
^ by  sunlight,  may  look  enough  like  a star  to 
; confuse  a tracking  system.  Solid  contaminants 
may  degrade  the  performance  of  a mechanical 
j system.  Bits  of  electrically  conductive  mate- 
I rial  may  short  out  an  electrical  circuit 

' element,  thereby  causing  loss  of  power,  or 

^ failure  of  a logic  circuit,  or  some  other  failure. 
, In  the  long  ptocess  from  the  start  of  fab- 

I rication  to  the  launch  into  space,  there  are, 

i however,  a great  many  opportunities  for  con- 
tamination. Let  us  assume  for  this  discussion 
that  the  fabricator  takes  all  the  precautions 
f.  necessary  to  avoid  contamination  in  fabrica- 
I tion  and  assembly.  ^Sometimes  he  does  not 

(take  these  precautions,  and  his  failure  often 
becomes  apparent  during  test  and  evaluation.) 
In  addition  to  the  measures  used  to  avoid 
; contamination  in  fabrication,  telescope 
systems  are  customarily  protected  in  trans- 
portation and  storage  by  shock  mountings  to 
prevent  mechanical  damage  and  by  bagging  in 

(an  above-atmosphere  pressure  of  dry  nitrogen 
f and  at  a controlled  temperature.  These  pre- 
I cautions  are  generally  effective,  but  an  oc- 
casional failure  does  occur. 

When  an  item  is  ready  to  be  shipped  to 
I the  Goddard  Space  Flight  Center  (GSFC)  for 
I testing,  we  perform  the  first  inspection  at  the 
! supplier’s  plant  and  a similar  inspection  after 


receipt  at  GSFC.  These  inspections  help  us  to 
determine  whether  the  item  is  in  a flight- 
readiness  state  as  supplied  and  whether  con- 
tamination has  occurred  in  shipment.  They 
also  provide  a baseline  for  determining 
whether  contamination  has  occurred  durir~ 
the  test  cycle.  The  detailed  procedure  that  ha 
been  developed  for  the  Goddard  Experiment 
Package  of  the  Orbiting  Astronomical  Ob- 
servatory (OAO)  is  attached  to  tliis  paper  as 
Appendix  A.  Briefly,  the  procedure  is  to  sub- 
ject the  equipment  to  careful  visual  scrutiny 
with  enhanced  light  and  with  ultraviolet  to 
bring  out  any  iluor'^cence.  In  addition,  a 
vacuum-sampling  procedure  is  used;  all  par- 
ticulate matter  thus  collected  ic  examined 
with  a microscope  and  identified.  This 
vacuum  sampling  is  done  by  passing  the  end 
of  a tube  through  which  air  is  being  drawn 
over  critical  or  representative  parts  of  the 
apparatus.  The  most  frequently  found 
particles  are  epithelial  cells,  hair,  eyelashes, 
cjsmetics,  food,  smoke  particles,  dust,  plas- 
tics, carborundum,  glass,  paint,  and  metal. 
Wipe  tests  are  also  made  when  appropriate. 
The  material  collected  in  the  wipe  test  is 
ordinarily  analyzed  by  spectroscopy  or 
chromatography.  The  things  we  find  most  fre- 
quently are  fingerprints,  grease,  oil,  hydro- 
carbons, monomers  or  plasticizers,  and  paint 
residues. 

We  have  bee’  concerned  about  the  pos- 
sibility of  contai.unation  in  the  test-and- 
evaluation  building  by  particulate  matter  and 
by  gaseous  components  of  the  air  such  as 
water,  hydrocarbons,  and  corrosive  vapors. 
We  attack  the  particulate  problem  by  main- 
taining a class- 10,000  clean  room  and  metic- 
ulous clean-room  procedure  and  by 
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s. 

eontrollingk  thd  tcilliperature  and  hun  jdity 
tbe  Vv*  When  the  equipment  is  not  und( 

. i ‘ _ . .1 A _ • 1 _ j ? .1 


of 
under- 
going a test  or  inspection,  it  is  ba^ed  in  dry 
nitrogen.  In  addition  to  these  steps,  we  have 
made  extensive  examinations  of  the  air  that  is 
in  our  laboratories  or  is  drawn  in  from  the 
outside  in  order  to  learn  what  undesirable 
constituents  there  may  be  which  would  not 
be  removed  by  mechanical  filtering  and 
humidity  control.  Samples  of  air  were  col- 
lected in  various  ways  and  were  submitted  to 
a local  analytical  laboratory  for  analysis. 
Table  1 summarizes  the  resultant  findings.  In 
addition  to  the  items  listed  in  the  table,  we 
made  a special  effort  to  find  sulfur  com- 
pounds. A 72-hour  pumping  of  outside  air 
through  a liquid-nitrogen-cooled  trap,  after 
which  the  collection  in  the  trap  was  analyzed, 
uncovered  no  trace  of  hydrogen  disulfide  or 
sulfur  dioxide.  The  estimated  sensitivity  of 
detection  is  0.7  parts  per  million  (ppm)  of  the 
ambient  air. 

One  of  the  most  difficult  aspects  of  con- 
tamination and,  at  the  same  time,  one  of  the 
most  interesting  is  contamination  by  conden- 
sation while  the  equipment  being  tested  is  in 
the  test  chamber.  If  we  consider  an  instru- 
ment designed  for  use  in  the  vacuum  ultra- 
violet, 200  to  2000  angstroms,  where  nearly 
every  substance  we  can  think  of  is  a poor 
reflector  and  a good  absorber,  we  can  see 
immediately  what  the  problem  is.  If  this 
instrument  uses  one  or  more  reflecting  sur- 
faces and  perhaps  a diffraction  grating,  the 


Table  1,  Summary  of  Contaminants 


Sample  No. 

Cone,  ppm  for  Samples  | 

4 

5 

6 

Acetone 

•^O.OS 

12 

15.2 

Benzene 

^0.02 

2 

0.10 

Butane 

— 

10 

1.0 

Ethanol 

— 

5 

0.2 

Ethyl  acetate 

— 

3 

0.04 

Freon  TF 

-0.1 

13 

0.2 

n-Hexane 

-0.4 

16.0 

0.03 

2*Hexene 

-0.5 

1.0 

0.02 

Methanol 

-1. 

— 

0.02 

2«‘Pentanone 

— 

1.0 

— 

1 -Propanol 

— 

3.0 

0.1 

2*Propanoi 

-0.5 

5.5 

0 2 

loss  of  performance  is  likely  to  be  sudden  and 
substantial  if  a layer  of  material  is  condensed 
on  one  or  more  surfaces.  Since  many  of  our 
test  chambers  are  evacuated  by  oil  diffusion 
pumps,  the  designer  or  user  of  the  equipment 
to  be  tested  is  concerned  about  the  possibility 
of  contamination  with  a layer  of  pump  fl»jid. 
He  justifiably  demands  that  no  loss  of  per- 
formance shall  occur  in  his  equipment. 
Because  we  do  not  know  very  much  about  the 
effects  of  such  layers,  his  demand  is  usually 
stated:  “No  contamination  shall  be  per- 
mitted.” Furthermore,  because  we  do  not 
know  how  to  define  “no  contamination,”  the 
test  conductor  is  in  a quandary  to  know  how 
to  meet  this  demand. 

Although  pump  fluids  have  been  men- 
tioned specifically,  the  problem  is  much 
broader.  There  is  a great  variety  of  pos.sible 
sources  of  condensable  contaminants;  for 
example,  materials  associated  with  welds  and 
soldered  joints,  electrical  insulating  materials, 
potting  compounds,  solutio.is  used  to  clean 
the  test  chamber  or  the  experiment,  paints 
and  paint  thinners,  plastics,  and  many  others. 
The  problem  is  not  confined  to  vacuum  ultra- 
violet wavelengths;  it  exists  through  the  whole 
optical  spectrum.  A system  fora  10.6-micron 
laser  is  less  sensitive  to  contamination  b.it  is 
by  no  means  immune.  A very  great  amount  of 
effort  has  gone  into  studies  of  this  problem.  1 
shall  review  some  of  the  work  that  has  been 
done  at  GSFC,  some  related  studies  else- 
where, the  methods  that  have  been  developed, 
and  the  results  that  are  being  obtained. 

Let  us  examine  our  ability  to  predict  the 
effects  of  a contaminant  layer.  Most  of  this 
inform’’ tion  is  drawn  from  the  publications  of 
Dr.  Georg  Hass  and  his  colleagues  at  Fort 
Belvoir,  GSFC,  and  the  Naval  Research  Lab- 
oratory (NRL).  Figure  1 shows  a contami- 
nation effect.  This  was  an  aluminum  mirror 
overcoated  with  aluminum  oxide  to  give  a 
reflectance  curve,  shown  by  the  solid  line. 
After  irradiation  with  200  KeV  protons  to  a 
dose  of  4 X 10*  * protons  cm"*  in  an  oil- 
pumped  system  at  1(T^  torr,  it  showed  the 
dashed  line  of  reflectance.  There  are  two 
interesting  points  to  make  about  this  illustra- 
tion. First,  this  was  not  an  effect  on  the 
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' reflectance  »iue  to  protons  but  was  due  to  a 

• layer  of  contaminant,  most  likely  carbon, 
separated  from  the  pump  oil  by  proton 
bombardment  of  the  residual  vapor  in  the  test 
chamber.  Second,  the  effect  depends  very 
strongly  on  the  location  of  the  maxima  and 
minima  of  the  reflectance  curve.  Impercep- 
tible losses  at  the  maxima  are  followed  by 
very  substantial  losses  at  the  minima. 

Figure  2 shows  the  computed  influence 
on  a pure  aluminum  surface  of  a layer  that 
has  little  absorptance  at  Lyman  alpha  but 
absorbs  quite  strongly  at  Lyman  beta.  If  the 
optical  constants  of  a contaminant  layer  are 
, known,  the  effect  on  reflectance  of  a par- 
‘ ticular  mirror  can  be  computed.  Figure  3 
; shows  the  computed  effect  of  an  absorbing 
! layer  of  refractive  index  n = 1 and  extinction 

I coefficient  M = L This  is  for  an  aluminum 

I minor  overcoated  with  magnesium  fluoride 

• for  peak  performance  at  Lyman  alpha  for  the 


« THICKNESSS  IN  ANGSTROM  UNITS 

I Figure  2.  Effect  of  mabaorbit>4  layer. 


curve  marked  “X/2  effective”  and  for  mag- 
nesium fluoride  layers  one-half  as  thick  and 
1- 1 /2  times  as  thick,  respectively  marked  X/4 
and  3X/4.  This  figure  illustrates  again  the 
difference  in  performance  at  maxima  and 
minima.  It  also  shows  that  a reflector  at  peak 
reflectance  does  not  make  a very  sensitive 
monitor  mirror  for  contamination.  Hass  has 
recommended  using  one  of  the  lower  curves. 


THICKNESS  IN  ANGSTROMS  OF  Ab>.  UYER 

Figure  3.  Dependence  of  absorption  on  effective 
coating  thickness. 

Figure  4 .also  graphs  some  computed  results 
and  illustrates  another  point  Hass  likes  to 
make;  i.e.,  that  an  absorbing  layer  does  not 
always  reduce  reflectance.  Notice  the  way  the 
reflectance  of  gold  rises  with  the  increasing 
thickness  of  the  absorbing  layer.  These  illus- 
trations suffice  to  show  that,  knowing  the 
optical  constants  of  the  pertinent  materials, 
we  can  predict  the  effects  on  a reflecting 
surface  of  the  addition  of  layers  of  contami- 
nants. They  also  show  that  the  effects  are 
sometimes  different  from  our  naive  expec- 
tations. 


Figure  4.  Computed  reflectance. 
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There  are  several  ways  of  determining 
whether  or  not  condensable  contaminants  are 
present  and,  if  so,  what  they  are.  The  arsenal 
of  instruments  used  in  this  work  at  GSFC  has 
grown  steadily  since  1964.  As  new  methods 
become  known,  they  are  pressed  into  service 
and  seldom,  if  ever,  are  any  old  methods 
eliminated.  At  the  present  time,  we  are  using 
the  following:  ( 1 ) a quartz  crystal  micro- 
balance, (2)  a residual  gas  analyzer,  (3)  mass 
spectrometer,  (4)  monitor  mirrors,  (5)  col- 
lection on  a cold  finger,  (6)  wipes  of  the 
interior  surfaces  of  chambers  and  the  interior 
and  exterior  surfaces  of  both  spacecraft  and 
experiments.  The  material  collected  by  wiping 
is  analyzed  by  infrared  spectroscopy  and  by 
ps  chromatography.  With  these  instalments, 
we  keep  a constant  vigil  for  contamination 
problems. 

Recently,  when  we  baked  out  a large 
environmental  chamber  at  60°  to  35°C  for  36 
hours  at  1 CT*  torr,  we  found  a contaminant 
that  was  identified  as  butyl  cellosolve.  The 
material  was  identified  by  infrared  spectros- 
copy and  ps  chromatography.  It  was  also 
detected  by  the  residual’gas  analyzer  (RGA). 
(Both  models  GE  300  and  CEC  614  have  been 
used.)  The  quartz  crystal  microbalance 
(OCMB)  did  not  show  anything.  DC  704  oil 
showed  up  in  wipes  from  the  pump  elbow  but 
in  no  other  place.  The  pumps  in  this  charriber 
are  30  inches  in  diameter,  hang  on  the  sides  of 
the  chamber,  and  pump  out  through  a stain- 
less steel  elbow  that  contains  a liquid- 
nitrogen-cooled  opaque  baffle.  The  source  of 
the  butyl  cellosolve  has  not  yet  been  detea 
mined. 

In  a series  of  tests  in  a 7-foot  by  8-foot 
chamber  over  a period  of  Vh  months,  before 
and  after  several  Orbiting  Geophysical  Obser- 
vatory (OGO)  and  Radio  Astronomy  Explorer 
(RAE)  tests,  a chlorinated  biphenyl  called 
“Arachlor”  wa.**  consistently  found  in  the 
washings  from  a condenser  plate  (sometimes 
used  instead  of  a cold  finger).  Several  other 
condensable  vapors  were  found  in  trace 
amounts,  but  the  Arachlor  was  the  principal 
contaminant  Efforts  to  locate  its  source  in 
the  pump  oil  or  hardware  were  unsuccessful. 


In  another  chamber,  3 feet  by  4 feet, 
when  a valve  was  installed  between  the  dif- 
fusion pump  and  the  chamber,  bakeout  and 
valve  cycling  tests  were  run.  Instrumentation 
included  RGA,  infrared,  and  QCMB.  On  the 
(y^MB,  a frequency  change  of  31  hertz 
occurred  in  the  first  8 hours.  This  corresponds 
to  1/2  monolayer  of  DC  704  oil.  In  the  next 
32  hours,  further  frequency  change  corre- 
sponding to  1/8  monolayer  of  DC  704  oil  was 
observed;  however,  spectroscopy  and  RGA 
showed  no  trace  of  DC  704  oil.  The  con- 
taminants that  were  identified  were  freon  TF, 
aliphatic  esters,  cyclic  amines,  and  methyl 
siloxane.  During  the  bakeout,  the  chamber 
pressure  decreased  from  1.8  x lO"*  to  1.3  x 
lOr"^  torr. 

In  the  tests  performed  on  the  OAO-A2 
in  the  large  environmental  chamber,  we  used 
all  of  the  instrumentation  already  mentioned 
including  wipes  of  the  Wisconsin  and 
Smithsonian  Experiment  Packages.  In  pre- 
liminary thermal  vacuum  tests,  several  parts 
of  the  spacecraft  and  the  expeiiments  showed 
visible  evidence  of  contamination  like  a stain 
or  a coating  of  oil.  From  a study  of  the 
circumstances,  we  concluded  that  the  obser- 
vatory was  contaminating  itself;  i.e.,  that 
residues  of  condensable  vapors  were  left  in 
the  spacecraft  and  experiments  and  were 
being  relocated  during  television  tests  to 
places  where  they  were  apparent.  Infrared 
analysis  of  cold-finger  deposits  showed  phtha- 
late,  esters,  hydrocarbons,  and  dimethyl 
silicones.  Monitor  mirrors  did  not  show  any 
loss  of  reflectance  at  Lyman  alpha. 

After  these  tests,  the  observatory  was 
carefully  cleaned  and  inspected.  Approxi- 
mately S months  later,  it  was  returned  to  the 
large  chamber  for  flight  acceptance  tests.  The 
(^MB  and  the  RGA  showed  no  signs  of  con- 
tamination. Visual  inspection  showed  no  con- 
tamination. Infrared  analysis  of  the  chamber 
cold-finger  deposits  showed  the  customary 
traces  of  hydrocarbons,  esters,  and  silicones. 
(Tlie  silicones  that  were  seen  could  not  have 
been  derived  in  any  reasonable  way  from  the 
DC  704  oil.)  Monitor  mirrors  showed  no  loss 
of  reflectance.  The  conclusions  drawn  from 
the  contamination  studies  were: 
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1.  There  was  no  contamination  of  the 
experiment  packages  either  from  the  space- 
craft or  from  the  test  chamber. 

2.  Contamination  of  the  chamber  by  the 
spacecraft  or  by  self-contamination  was  neg- 
ligible. 

Although  we  looked  for  contamination 
by  diffusion  pump  oil  throughout  ail  of  these 
tests,  in  none  of  the  experiments  described 
has  any  such  contamination  been  identified. 
It  has  been  our  experience  that  contamination 
due  to  pump  oil  does  not  represent  a great 
hazard.  We  run  about  300  tests  a year  in  a 
variety  of  chambers,  nearly  all  of  which  are 
evacuated  with  ofl  diffusion  pumps  using  sili- 
cone oils.  We  look  constantly  for  pump  oil 
contamination.  During  the  5 years  that  we 
have  been  doing  this,  we  have  identified  only 
six  cases  of  pump  oil  contamination;  every 
one  of  these  cases  was  identifiable  with  some 
malfunction  of  the  pumping  system,  such  as 
an  explosion  or  a cooling  water  failure  or  a 
power  failure.  In  Goddajrd’s  Test  and  Evalua- 
tion Division,  it  is  our  belief  that  the  proba- 
bility of  contamination  by  pump  oil  during  a 
thermal  vacuum  test  in  a well-designed, 
properly  operating  chamber  is  very  small. 

The  subject  of  contamination  in  a test 
chamber  is  an  extensive  one  with  a great 
many  interesting  ramifications.  Some  fascinat- 
ing studies  are  being  done  by  Shapiro  at 
GSFC,  by  Gillette  at  Boeing,  and  by  Hass  at 
Fort  Belvoir.  There  is  also  an  excellent  report 
on  Apollo  Telescope  Mount  (ATM)  contami- 
nation by  McPherson  at  Ball  Brothers 
Research  Corporation  and  the  very  fine  work 
being  carried  on  at  Huntsville. 

Another  item  that  must  be  mentioned  is 
the  technique  for  cleaning.  In  the  case  of 


contamination  of  reflecting  surfaces  by 
pumping  fluids,  we  have  had  good  success 
with  the  technique  suggested  by  Hass; 
namely,  to  wash  the  surface  with  free-flowing, 
virgin-pure,  freon  TF  and  to  follow  this  at 
once  with  dry  nitrogen.  We  have  found  that 
the  reflectance  at  Lyman  alpha  is  completely 
restored  by  this  technique  even  though  the 
surfaces  thus  cleaned  still  look  dirty  some- 
times. 

In  conclusion,  this  is  what  I see  as  the 
urgent  supporting  research-and-technology 
needs  in  this  particular  area.  What  we  need 
more  than  anything  else  arc  contamination 
tests  that  can  be  directly  related  to  expected 
performance  in  space.  We  go  to  great  lengths 
to  provide  clean  rooms  free  of  particulate 
matter,  but  we  do  not  have  any  test  that  tells 
us  of  the  presence  of.  dust  particles  in  a stra- 
tegic lo^;.;  on  that  can  float  away  in  space  and 
become  a synthetic  star  to  confuse  the 
guidance  system  or  the  experiment.  We  have 
splendid  instrumentation  for  sensing  and  iden- 
tifying contaminants  in  various  parts  of  the 
test  chamber  and  in  or  on  the  observatory, 
but  we  have  no  direct  way  to  learn  if  the 
reflectance  of  a mirror  or  the  transmittance  of 
a window  has  deteriorated  or  will  deteriorate 
in  the  space  environment  due  to  a layer  of 
contaminant.  Another  need  ! see  in  this  area 
of  contamination  is  the  establishment  of  real- 
istic tolerance  levels.  With  the  very  sensitive 
instrumentation  that  is  now  at  hand,  and 
which  is  constantly  being  improved,  test 
facilities  are  not  able  to  meet  a “no  contami- 
nation” specification.  We  need  a specification 
that  will  insure  proper  functioning  of  the 
spacebome  equipment  and  yet  is  different 
from  zero. 
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Appendix  A 

Incoming  Inspection  Procedure  For  OAO  Experiment 


1 . In  order  to  determine  the  condition  of 
the  prototype  and  flight  Goddard  Experiment 
Package  (GEP)  and  to  continue  the  chrono- 
logical historical  records  of  same,  inspections 
of  these  packages  are  to  take  place.  These 
inspections  will  be  conducted  by  a Quality 
Engineering  Branch  staff  member  assigned  to 
the  OAO  Project  with  a GEP  representative  in 
attendance.  Two  inspections  for  each  pack- 
age, prototype  and  fUght,  will  be  conducted: 
one  at  the  vendor’s  plant  immediately  prior  to 
shipping  and  another  at  the  Goddard  Space 
Flight  Center  (GSFC)  immediately  after 
receiving. 

2.  Prior  to  shipment  from  the  vendor’s 
plant,  the  experiment  package,  installed  in  a 
turnover  fixture  and  located  in  a clean  room, 
will  be  checked  for  proper  identification,  such 
as  model  or  type,  part  number,  serial  number, 
nomenclature,  etc.,  and  for  proper  documen- 
tation, such  as  shipping  papers,  test  reports, 
data  package,  etc. 

3.  The  dust  covers  will  be  examined  for 
apparent  damage,  such  as  den.  , holes,  tears, 
discolorations,  etc.,  and  to  assure  that  the  end 
cover  is  properly  secured  in  place.  This 
exanunation  will  be  conducted  by  using 
greater-than-ambient  light  unless  the  ambient 
light  level  is  considered  by  the  inspector  to  be 
satisfactory.  An  addition^  examination  of  the 
exterior  of  the  package  will  be  made  with  an 
ultraviolet  lamp,  and  wipe  tests  or  vacuum 
sampling  of  contaminants  will  be  employed  at 
the  discretion  of  the  inspector. 

4.  The  experiment  package/spacecraft 
support  points  will  be  inspected  for  clean- 
liness and  damage  (scratches,  discolorations, 
dents,  grease  or  oil,  dirt,  corrosion,  etc.). 

5.  The  optical-reference  tool  mount  will  be 
examined  for  contamination  and/or  damage. 

6.  The  e.xterior  of  the  experiment  package 
will  be  examined  for  general  good  workman- 
ship: all  nuts,  bolts,  clips,  clamps,  washers. 


etc.  present  and  properly  installed;  painted 
surfaces  dean,  of  good  finish,  free  from  flak- 
ing, etc.;  all  finish  surfaces  clean,  free  from 
scratches  or  discolorations,  etc. 

7.  The  end  cover  will  then  be  removed;  a 
cap  will  be  installed  on  the  light  shield;  and  an 
examination  will  be  made  of  the  telescope 
tube  interior,  primary  mirror,  light  shield, 
secondary  mirror,  and  spectrometer  mirror. 
These  areas  wfll  be  inspected  for  cleanliness, 
good  workmanship,  freedom  from  damage 
and  contamination,  etc.  Ultraviolet  and 
greater-than-ambient  light  will  be  used  at  the 
discretion  of  the  inspector  (safety  glasses  to 
be  used  for  ultraviolet  inspection).  Vacuum 
sampling  of  contamination  will  be  performed 
on  the  inner  telescope-tube  wall,  portions  of 
the  light  shield,  the  shield  support  ring,  and 
other  surfaces  (except  optical  surfaces)  as 
necessary. 

8.  A similar  inspection  will  be  made  of  thi^ 
Analog  and  Digital  Electronic  Assemblies  fer 
general  workmanship,  cleanliness,  and  onn- 
tamination. 

9.  A review  of  the  packing  and  shipping 
arrangements,  per  Grumman  Aircraft  Engi- 
neering Corporation  (GAEC)  shipping  proce- 
dure, will  be  conducted.  This  will  be  done  in 
order  to  verify  that  adequate  protection  and 
cleanliness  for  the  experinient  package  will  be 
provided  during  its  transportation  to  GSFC 
from  the  vendor’s  plant  and  that  the  data 
package  accompai.j  in^  the  shipment  is 
complete. 

10.  Subsequent  to  the  experiment  package 
inspection  and  prior  to  the  final  enclosure  of 
the  package  for  shipment  to  GSFC,  the 
quality  documentation  of  the  package  will  be 
examined  with  Knollman  Instrument 
Company  (KIC)  quality  assurance  or  quality 
control  representatives.  Particular  attention 
will  be  given  to  open  malfunction  reports  and 
other  quality  problem  documents,  such  as 
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“crab”  sheets,  DMT’s,  etc.  Each  open  item 
will  be  discussed  with  a view  toward  deter- 
mining what  action  is  necessary  to  effect 
closing  out  the  item,  on  the  part  of  either 
GSFC  or  KIC.  If  possible,  copies  will  be  made 
of  each  documented  open  item  for  exam- 
ination by  the  OAO  Project  Quality  Manager 
at  GSFC. 

1 1.  Upon  its  arrival  at  GSFC,  the  experiment 
package  will  be  inspected  again  to  insure  that 
no  damage  has  resulted  from  its  being  trans- 
ported. This  inspection  will  be  conducted  in 
accordance  with  the  pre-shipment  procedures 
except  that,  in  addition,  the  environmental 
systems  (air  cooling/heating  and  gaseous 
nitrogen  purge)  are  checked  to  determine  if 
they  were  functioning  properly  throughout 
the  shipment.  Trip  records  will  be  examined 
and  copied.  If  accelerometers  or  other  types 
of  instrumentation  have  been  installed,  their 
systems  will  be  checked,  the  records  ex- 
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amined,  and  copies  of  the  records  will  be 
made,  if  possible. 

12.  Wor  to  removal  of  the  outer  shipping 
container,  this  enclosure  will  be  examined  for 
visible  damage:  dents,  holes,  cracks,  loose 
mountings,  moisture  leaks,  etc. 

13.  Upon  removal  of  the  outer  shipping 
container,  the  experiment  package  will  be 
examined  to  assure  that  the  bag  is  properly 
inflated,  that  there  is  no  damage  to  either  the 
bag  or  the  shipping  dolly,  and,  as  far  as  is 
practicable,  that  the  experiment  is  properly 
secured  in  the  dolly. 

14.  Upon  reniovd  of  the  experiment  from 
the  dolly  and  the  installation  of  the  exper- 
iment in  a suitable  clean  enclosure,  steps  2 
thru  9 of  this  procedure  will  be  repeated. 

15.  The  Quality  Assurance  Division  will 
submit  a report  of  these  inspections  30  days 
after  completion  of  the  incoming  inspection 
at  GSFC. 
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Hard  Radiation  Environment  Simulation 


Fred  W.  Paul 

NASA  Goddard  Space  Flight  Center 


Introduction 

In  this  paper,  I shall  discuss  the  local 
earth-circling  orbits  out  to  a few  thousand 
kilometers  because  this  is  the  region  in  which 
most  of  the  optical  telescope  studies  will  be 
performed.  Wi  must,  however,  also  keep  in 
mind  the  possibflity  of  a moon-based  obser- 
vatory. The  components  of  the  “hard  radia- 
tion environment”  that  I will  consider  are: 
galactic  and  solar  cosmic  radiation,  solar 
x-rays  and  ultraviolet,  solar  wind,  trapped 
charged  particles,  and  ionized  layers  of  the 
upper  atmosphere.  Although  some  of  these 
components  are  far  from  being  hard  or  pene- 
trating radiation  in  the  usual  sense,  it  seems 
desirable  to  consider  them  together  because 
of  certain  common  characteristics;  for 
example,  to  treat  all  the  charged  particles  in 
one  discussion. 

Effects  of  Hard  Radiation 

The  effects  that  we  might  expect  to  be 
caused  by  the  hard  radiation  include: 

1 . Fluorescence 

2.  False  counts  in  counter  circuits 

3.  Triggering  and  periiaps  enchance- 
ment of  electrical  breakdown  discharges 

4.  Degradation  of  reflecting  surfaces, 
both  by  loss  of  reflectance  and  by  change  of 
figure 

5.  Loss  of  transmittance  of  materials 
used  in  windows  and  filters 

6.  Changes  in  thermal  control  coatings 

7.  Deterioration  of  solid-state  compo- 
nents. 

This  list  suggests  limitation  of  the  dis- 
cussion by  restricting  the  range  of  hardv/are 
items  to  which  we  refer.  For  example,  we 
night  include  the  entire  spacecraft  with  its 


structure,  propulsion,  attitude  control, 
guidance,  communications,  data  acquisition, 
and  data-processing.  On  the  other  hand,  we 
might  consider  only  the  telescope  mirrors. 
For  most  of  this  discussion,  I shall  talk  about 
the  telescope  and  any  wavelength-separating 
apparatus,  such  as  filters  or  dispersing  sys- 
tems; 1 shall  stop  short  of  the  radiation  detec- 
tors, whether  they  be  photographic  or 
photoelectric. 


Galactic  and  Solar  Cosmic  Radiation 


Let  us  examine  the  amount  of  energy  of 
various  constituents  of  the  hard  radiation 
environment  by  starting  with  the  most  pene- 
trating. Figure  1 , from  the  second  edition  of 


Figure  1,  IntegraFcosmlc-ray  energy  spectrum  at 
extremes  of  the  sunspot  cycle.  Space-probe 
measurements  give  a flux  value  of  approximatdy 
0.2  partklelcm^^sec-sterod  above  about  40  MeV 
near  sunspot  maximum;  this  rafaie  should  increau 
by  a factor  of  about  2.S  neat  sunspot  minimum. 
tf>om  Second  Edition  of  Satellite  Environment 
Handbodc.  edital  by  F.  S.  Johnson.) 
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tlft  Environment  Handbook  edited 

' by  P.  S.  Johnson,  shows  combined  solar  and 
galactic  energetic  proton  flux.  The  low  energy 
side  shows  the  influence  of  sunspot  activity 
on  the  flux  of  protons.  Changes  of  the  order 
of  2 or  3 are  observed  to  occur.  In  addition  to 
the  protons,  the  cosmic  radiation  contains  1 0 
to  15  percent  by  number  of  alpha  particles 
and  much  smaller  amounts  of  heavier  ions. 

Solar  X-Rays  and  Ultraviolet 

Table  1 shows  th«;  x-rays  received  out- 
side the  atmosphere  at  different  stages  of 
solar  activity.  The  wavelength  bands  given 
would  usually  be  called  soft  x-rays,  and  they 
are  absorbed  by  very  thin  layers  of  most 
solids.  Nevertheless,  they  can  produce  deterio- 
ration of  optical  matenals  and  are  conse- 
quently of  importance  to  us.  The  units  used 
in  the  table  are  1(T*  watts  cm“*.  The  amount 
of  radiation  varies  by  5 orders  of  magnitude 
in  the  shortest  wavelength  band  and  by  about 
2 orders  in  the  longest  as  we  progress  from 
sunspot  minimum  to  the  brightest  flare 
recorded  in  Johnson’s  data.  Usually  very  little 
radiation  of  wavelengths  less  than  2 angstroms 
is  observed;  however,  in  the  first  few  minutes 


Table  1.  Intemitiesof  Solar  X-Rays,  ICT*  v>lcm^(from 
Second  Edition  of  Satellite  Environment  Handbook, 
edited  by  F.  3.  Johnson) 


2-8  A 

8-20  A 

20-200 

A 

Sunspot  Min 
(Quiet  Sun) 

0.00003 

0.004 

1.3 

Sunspot  Max 
(Quiet  Sun) 

0.02 

0.23 

10. 

Class  3 Bright 
Surge  Prominence 
7-24-S9 

0.13 

0.89 

8. 

Class  2*  Flare 
8-24-S9 

0.26 

1.6 

21. 

Clasi  21  Flare 
8-31-59 

>2.20 

>4.5 

92. 

of  a vigorous  flare,  wavelengths  as  small  as 
0.1  angstrom  (125KeV)  have  been  recorded, 
llie  flux  at  wavelengths  less  than  0.6  ang- 
strom was  about  dxlO"*  ® watts  cm'* . 

Figure  2 shows  the  solar  spectral  radi- 
ance outside  the  earth’s  atmosphere.  This 
graph  does  not  attempt  to  show  the  fine 
structure  at  short  wavelengths  but  only  the 
overall  features.  From  approximately 
200  angstroms  to  Lyman  alpha,  the  irradiance 
ranges  between  lO"*®  and  2x10’’  watts  per 
square  centimeter  per  angstrom.  At  Lyman 
alpha,  the  value  rises  to  nearly  10*’’,  then  falls 
again,  and  begins  to  rise  (similar  to  a black- 
body  distribution)  from  approximately  1400 
angstroms  up  to  the  edge  of  the  visible 
spectrum.  The  radiation  at  wavelengths  less 


Flpn  Z Solar  spectral  irradiance  outside  atmo- 
sphere. (Fkrm  Second  Bditkm  of  SetfOite  Environ- 
ment Handbook,  edited  by  F.S  Johnson. ) 
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than  1400  angstroms  has  a substantial  frao 
tion  of  atomic  line  radiation;  some  of  these 
lines  vary  greatly  with  solar  activity. 

Solar  Wind 

The  solar  wind  is  a flow  of  protons  and 
electrons  in  equal  numbers  outward  from  the 
sun.  Reported  values  for  the  concentration  of 
protons  range  from  0.1  to  1000  per  cubic 
centimeter  with  energies  in  the  range  from 
300  to  5000  electron  volts.  The  simulators 
with  which  I am  familiar  are  designed  to  give 
fluxes  and  energies  adjustable  to  values  within 
this  range. 

Trapped  Charged  Particles 

The  spatial  distribution  of  electrons  and 
protons  trapped  in  the  earth’s  magnetic  fleld 
is  very  complex.  Consequently,  in  order  to 
aJ^^;s  the  exposure  that  a telescope  will  expe- 
rience, it  is  necessary  to  do  a detailed  compu- 
tation for  the  specific  mission  involved.  The 
input  to  the  program  must  contain  the  alti- 
tude and  orientation  of  the  trajectory  relative 
to  the  earth  as  well  as  the  relative  positions  of 
the  sun,  earth,  and  satellite  for  the  actual  date 
of  flight.  The  latest  information  about  the 
trapped  particle  environment  is  available  from 
the  National  Space  Sciences  Data  Center  at 
the  Goddard  Space  Flight  Center  (GSFC). 
Computation  programs  for  specific  missions 
are  available  at  many  places;  (or  example,  the 
Laboratory  for  Theoretical  Studies  and  the 
Spacecraft  Technology  Division  at  GSFC;  the 
Flight  Instrumentation  Division  at  Lan^cy; 
the  Radiation  Effects  Information  Center, 
Battelie  Memorial  Institute;  the  Boeing  Air- 
craft Corporation,  Seattle,  Washington.  Some 
of  these  places  have  shielding  c^e  calcina- 
tions as  a part  of  their  program. 

A few  examples  will  illustrate  the  results 
for  typical  missions.  Figure  3 shows  schemat- 
ically the  distribution  of  the  trapped  particle 
belts.  Figure  4 shows  an  enlarged  view  of  the 
inner  belt  of  protons  as  of  September  1963 
with  contoun  of  constant  flux  values. 
Figure  S is  a similar  chart  for  electrom  at 
about  the  same  date.  (These  illustrations  are 


FLUX  (ftectfons  cm  *2  $»jc  ) 


CUcMn  flints  m «it  owltf  tont  art  txhimtly  wntMt  in  bmt.  prelofi  flints  trt 
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occurrwB  at  - 3 aarth  laOti 


Figure  3.  Trapped  radiation. 


UflTMflAMI 

Figured.  Proton  map AP4. 

from  NASA  SP  3024,  Vol.  I-IV,  which  con- 
tain much  additional  information.)  Figure  6 
shows  the  annual  accumulation  of  proton 
dose  per  square  centimeter  for  circular  orbit 
at  a 3S-degree  inclination.  The  curves  show 
the  number  per  square  centimeter  of  energy 
greater  than  E^.  E^  is  given  values  from  S to 
SO  MeV.  Figure  7 snows  a similar  set  of  curves 
for  the  same  orbits  for  electrons.  The  range  of 
Eq  used  is  from  0 to  3 MeV.  Figure  8 shows 
the  time-integrated  flux  of  protons  for  three 
typical  orbits,  two  circular  and  one  elliptical. 
Figure  9 shows  the  time-integrated  electron 
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flux  for  one  of  the  same  orbits  as  shown  in 
flgure  8 and  for  two  new  orbits.  These  illus- 
trations of  orbital  calculation  were  made  for 
Spring  1968.  I'he  environment  has  changed 
substantially  since  then;  hence,  these  results 


Figure  5.  Flux  map  AEI  (E>0.5  Me  V). 


ALTITUDE  IN  NAUTICAL  MILES 


FlgmS.  Number  of  protom  of  etiergy  greeter  thm 
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Figure  7.  Number  of  eketrom  with  energy  greater 
thm  Eq  verms  altitude  in  nautical  miles  for  circu- 
lar orbits  at  35-degree  inclination. 


Figure  S.  Differential  fluenee  of  protons  for  three 
typiad  orbits. 
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Figure  9.  Calculated  differential  fluence  of  electrons 
per  year  for  one  circular  and  two  elliptical  orbits. 

are  now  obsolete.  Calculations  specific  to 
planned  missions  should  be  used  for  practical 
testing  procedures. 


The  lonosphete 

The  last  environmental  factor  to  be 
discussed  is  the  charged  particles  in  the 
ionized  layers  of  the  atmosphere,  namely,  the 
ionosphere.  The  variation  of  the  numl^r  of 
charged  particles  per  oubic  centimeter  with 
altitude  is  shown  in  figure  10.  In  essence,  this 
chart  shows  the  number  of  electror,s  per  unit 
volume.  In  most  of  the  ionosphere,  there  ate 
an  equal  number  of  positively  charged  pa^ 
tides.  At  lower  altitudes,  they  are  molecular 
ions  such  as  NO'^  and  O2  •. At  higher  alti- 
tudes, O'*'  and  H'*'  and  He'*’  predominate. 
These  charged  particles,,  of  both  signs,  have 
thermal  energies  and  are  not  at  all  pene- 
trating. They  can.  however,  cause  surface 
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Figure  10.  Ionospheric  density  variadon, 

effects.  They  provide  ions  for  the  initiation  of 
electrical  breakdown  of  high  voltage  systems. 
They  can  produce  false  signals  in  open- 
window  nhotop.  detectors. 

Simulation 

How  shall  we  simulate  such  an  environ- 
ment? Obviously,  true  reproduction  of  the 
radiation  environment  is  an  enormous  task. 
Because  of  its  complexity,  we  are  forced  to 
consider  not  how  to  produce  a copy  of  the 
environment  but  rather  how  to  dedse  tests 
that  will  determine  the  behavior  of  cur  test 
object  when  it  finds  itself  in  the  real  environ- 
ment. When  we  think  about  this  tasi . we  real- 
ize there  will  not  be  only  one  answer.  We  shall 
expect  to  get  different  answers  for  different 
classes  of  things.  For  example,  the  reflecting 
surface  of  a large  mirror  wiU  require  different 
testing  than  a solar  cell;  a solar  cell  will  be 
different  from  an  open«nd  channel  multi- 
plier; and  a paasive-thermal-control  coating 
will  need  still  anoflter  test  to  determine  its 
in-tpace  performance. 
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What  is  usually  done  is  to  study  the 
cliaracteristics  of  a particular  class  of  devices 
and  decide  what  part  of  the  hard  radiation 
environment  is  most  likely  to  modify  their 
performance.  Then  typical  devices  are  sub- 
jected to  irradiation  with  the  p;rticles  or 
waves,  selected  at  rates  that  correspond  to  the 
natural  environment,  or  some  enhancement  of 
it,  for  accelerated  testing,  and  to  levels  where 
damage  occurs  or  lifetimes  in  excess  of  mis- 
sion life  are  indicated.  Often  the  decision 
about  the  effect  a single  environmental  com- 
ponent has  is  not  clear-cut;  therefore,  we  have 
to  try  exposure  to  more  than  one  component. 
Sometimes,  it  seems  likely  that  synergistic 
effects  or  spontaneous  healing  of  damage  may 
occur;  then  we  would  like  to  be  able  to 
expose  the  device  to  more  than  one  environ- 
r.iental  component  at  a time. 

Case  Histories 

Because  I am  unable  to  offer  any  overall 
guiding  principle  for  making  decisions  on  how 
to  test  and  under  what  radiation  conditions,  1 
would  like  to  present  three  brief  case  histories 
to  show  what  some  investigators  have  done. 


Case  I:  Studies  of  High  Reflection  Surfaces 

Such  as  Aluminum  With  Overcoats 

Canfield,  Hass,  and  Waylonis  (ref.  1) 
studied  aluminized  mirrors  overcoated  with 
magnesium  fluoride  to  peak  performance  in 
the  vacuum  ultraviolet.  They  irradiated  their 
samples  with  Lyman  Alpha  at  a certain  level 
for  20  hours.  This  w,as  adequate  to  reduce  the 
reflectance  of  unprotected  aluminum  to  one- 
half  its  initial  value  but  had  no  effect  on  the 
prelected  surface.  They  irradiated  many 
samples  with  1-MeV  electrons  at  total  doses 
ranging  from  10*^  to  10'*  electrons  per 
square  centimeter.  They  also  irradiated  with 
5-MeV  protons  to  a dose  of  10'  * protons  per 
square  centimeter.  No  loss  of  reflectance  re- 
sulted from  any  of  these  exposures.  A loss  as 
small  as  percent  would  have  been  detect- 
able. 


Case  II:  Ultraviolet  Transparent  Optical 
Materials 

Heath  (ref.  2)  and  Sacher  (ref.  3)  have 
measured  the  transmittance  in  the  wavelength 
range  1050  to  3000  angstroms  of  several 
materials  before  and  after  charged-particle 
irradiation.  The  materials  studied  included 
lithium  fluoride,  magnesium  fluoride,  calcium 
fluoride,  barium  fluoride,  aluminum  oxide, 
and  fused  silica.  They  measured  transmittance 
before  and  after  irradiation  with  1-MeV  and 
2-MeV  electrons  at  1 O'  * electrons  per  square 
centimeters  at  each  energy.  A similar  study 
was  done  with  10’ ' protons  per  square  centi- 
meter at  energies  ranging  from  3.0  to  4.6 
MeV.  Some  of  tliese  materials  lost  consider- 
able transparency;  others  were  not  much 
affected.  They  concluded  that  magnesium 
fluoride,  barium  fluoride,  and  sapphire  have 
the  greatest  potential  for  use  in  the  hard 
radiation  environment. 

We  note  that  in  these  two  cases  the 
investigators  have  used  components  of  the 
environment  singly.  Those  who  are  studying 
spacecraft  coatings  for  passive  thermal  control 
also  started  with  single  environmental  factors. 
Much  of  the  early  work  involved  exposure  to 
radiation  from  a strong  mercury  lamp.  At  the 
present  time,  the  thermal  control  coatings  are 
being  studied  in  facilities  that  combine  two  nr 
more  environmental  components  for  simulta- 
neous exposure. 

Case  III:  Round  Robin  Program  for  Com- 
bined Environment  Testing 

Under  the  auspices  of  Committee  E21, 
ASTM,  several  industrial  and  governmental 
laboratories  have  joined  together  in  a program 
to  learn  what  is  the  state-of-the-art  of  com- 
bined environment  testing.  Materials  are  to  be 
exposed  simultaneously  to  simulated  solar 
electromagnetic  radiation  and  proton  flux 
simulating  the  solar  wind.  Results  from  diffep 
ent  laboratories  will  be  compared  both  with 
each  other  and  with  flight  experiments.  To 
the  best  of  my  knowledge,  this  case  represents 
the  first  concerted  effort  to  combine  compo- 
nents of  the  hard  radiation  environment. 


HARD  RADIATION  ENVIRONMENT  SIMULATION 


765 


Although  the  ultraviolet  and  solar  wind  are 
the  main  items  of  interest  in  the  Round 
Robin  study,  many  of  the  participating  orga- 
nizations are  capable  of  including  higher 
energy  protons,  electrons  of  a wide  range  of 
energy,  x-rays,  gamma  rays,  and  neutrons  in 
their  irradiation  program. 

Irradiation  Facilities 

Table  2 lists  a number  of  organizations 
and  the  characteristics  of  their  irradiation 
facilities.  Some  of  these  organizations  are 
participating  in  the  Round  Robin  study.  In 


the  first  column  is  the  name  of  the  organi- 
zation and  the  name  of  an  individual  who  is 
familiar  with  the  details  of  the  facility  and  to 
whom  inquiries  may  be  directed.  In  sub- 
sequent columns,  the  amount  and  energy  of 
the  radiations  are  listed  for  protons,  electrons, 
gamma  rays,  x-rays,  and  ultraviolet. 
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2.  Applied  Optics,  Vol.  S,  June  1966,  p.  937. 
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Table  2.  Combined  Radiation  Environment  Facilities 


Org^nizjation 

(Individual) 

Protons 

1 

Electrons 

7-rays 

X-rays 

Ultraviolet 

Additional 

Information 

Martin  Denver 
(J.  Cooley) 

100to40C0e.v. 

lC®-10*^cm"^sec“* 

100  to  4000  e.v. 
10*10' ‘cm'*  sec"' 

■ 

Xenon  lamp; 
0.5  to  5 suns 

Lockheed.  Pa  o 
Alto,  Calif. 

(R.  Breuch) 

0-  120KeV 
10'®-10'’cnr’sec'' 

0-120  KeV 
10‘®-10‘^cm“*sec’* 

Yes 

Co‘* 

1 

Xenon  or 

Mercury 

lamps 

Also  neutrons 
Temperatures 
of  specimen 
LNj  to  500“F 
(See  footnote  1 .) 

G.  E. 

Valley  Forge, 

Pa. 

(J.  Scannapieco) 

1 to  130  KeV 
5xl0*-10'’cnf’sec*' 

i 00  to  20000  e.v. 
5xl0*-10'*cm"*sec"' 

90 

Kilovolt 

Xenon,  Mer- 
cury, or  Hy- 
drogen 
lamps;  1 to 
4 suns 

12''  diam  holding 
30  specimens 
simultaneous 
e,  p,  and  UV 
-50®  to  150®C 
(ref  1)  30"  Bell 
jar  (See  footnote  2.) 

Boeing, 
Seattle,  Wash. 
(R.  Brown) 

0 to  20  MeV 
10*-10'*cm*’sec' 

500  e.v.  to  25  MeV 
10®-10**cnT’scc“* 

Yes 

Yes 

Xenon  or 
Mercury 
lamps;  1 sun 

Also  neutrons 
simultaneous 
e,  p,  and  UV 
.100*C-*+100*C 
chamber  b'x  12" 

Aerospace 

Corp. 

(E.  Borson) 

2 MeV 

2 MeV 

Xenon  or 

Mercury 

lamps 

Footnotes: 

1 . There  are  two  entries  for  Lockheed  in  this  table. 

2.  The  GE  facility  has  a turntable  permitting  sequential  exposure  of  specimens. 

Long  X UV  or  Lyman  alpha  may  be  apfdied  at  the  same  time  as  particles  of  either  sign. 
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Table  2 Combined  Radiation  Environment  Facilities  (Concluded) 


Organization 

(Individual) 

Protons 

! Electrons 

7-rays 

X-rays 

Ultraviolet 

Additional 

Information 

IlTRl 

(J.  Gilligan) 

20  KeVand2MeV 
and 

500  to  5000  c.v.  at 
10®cm"*sec"‘ 

2 MeV 

Xenon  or 
1 Mercury 
lamps 

1 

TRW  Systems 
(E.  Luedke) 

600  to  3000  e.v. 
10’-10"»cnT*sec'' 

■ 

' Xenon 
lamp 

Comsat 
(C.  Naag) 

Not  Operational 

100  to  500  e.v. 
10‘-10*'cm**sec‘ 

May  be  added 

Lyman  o 
may  be  added  ; 
Xenon  lamps 
0.5  to  5.0  suns 

10  cm  square 
irradiated  area 

EMR 

(M.  J.  Brown) 

10 to  35,000  e.v. 

10’ to  10**cm'*  sec”* 

10  to  35,000  e.  v. 

10*  - 10'  * cnf’  sec"' 

Xenon  lamp; 
Oto  10 
sun: 

McDonald 

Douglas, 

St.  Louis,  Mo. 
(E.  R.  Rusert) 

1 

Solar  simu- 
lator 2 foot 
circle  at 
4 suns 

Argon  Plasma 
(ref.  2)  are  to 
supplement  solar 
down  to  ISOOA  on 
P.O.  Vac  to  lOr*  * 
with  LN2  LHe 

Ames  R.C. 

(Donald 

Anderson) 

C-W  2 - 240  KeV 
V dG  200  KeV-3  MeV 
VdG  3 MeV  Modified 
for  microparticles 

Xenon,  Mer- 
cury, and 
hydrogen  i 

lamps 

(Sc:.  footnote  2.) 

General  Dynam- 
ics, Ft.  Worth, 
Tex. 

(J.  Romanko) 

Up  to  14S  KeV 
10**-10'*cin*sec' 

Up  to  145  KeV 
10'*-:0'*cm"*sec"' 

BH-6' 
up  to  10 
suns 

Drum  carries  60 
1-inch  samples 

Lockheed,  Palo 
Alto,  Calif. 

(R.  Breuch) 

200 -5000  e.v.  ! 

10*® -10*’ 

Can  also  be  mated  to 
130  KeV  to  1.3  McV 
Van  de  Gruff 

1 

i 

1 

1 

i 

Xenon  or 
Mercury 

Solar  wind  and 
UV 

(See  footnote  1 .) 

Footnotes: 

1 . Thf;re  arj  two  entries  for  Lockheed  in  this  table. 

2.  Atnes  has  a 2-foot-square  test  area.  Microparticle,  up  to  20  km/sec  in  addition  to  charged  particles 
and  UV.  They  have  tested  flight  hardware  for  JPL  (solar  cells  for  Mariner),  for  GSFC  (a 
particle  counter),  and  a Pioneer  type  of  vehicle  in  the  research  stage  for  a Jupiter  flight. 


Light  Sources  for  Stellar  Telescope  Calibration 
From  700  to  7000  Angstroms 


William  R.  Hunter 
Naval  Research  Laboratory 


This  paper  describes  light  sources  that 
may  be  useful  in  calibrating  stellar  telescopes 
between  700  and  7000  angstroms  that  are 
intended  to  operate  in  space.  Such  telescopes 
will  be  useful  only  for  wavelengths  longer 
than  approximately  912  angstroms,  the 
ionization  limit  of  hydrogen,  because  the 
interstellar  hydrogen  absorbs  all  the  shorter 
wavelengths  down  to  about  100  angstroms.  A 
calibration  to  200  angstroms  shorter  than  the 
iiiterstellar  cutoff  is  perhaps  unnecessary; 
however,  it  will  permit  some  extrapolation  of 
observations  p-ist  the  cutoff  that  could  be  of 
value. 

Ideally,  a calibration  source  should  have 
good  stability  during  periods  of  operation, 
have  essentially  the  same  spectral  distribution 
from  one  period  of  operation  to  the  next,  and 
have  an  intensity  high  enough  to  allow  mean- 
ingful calibrations  at  those  wavelengths  where 
the  telescope  is  least  efficient.  In  practice 
such  sources  are  rare,  if  they  exist  at  all,  and 
it  is  usually  necessary  to  use  a number  of 
different  types  of  sources  to  cover  the  wave- 
length range  from  700  to  7000  angstroms. 
Many  different  types  of  sources  have  been 
reported  in  the  literature  that,  in  combina- 
tion, can  cover  this  region.  The  greatest  diver- 
sity of  design  occurs  for  sources  of  extreme 
ultraviolet  radiation;  lor  wavelengths  longer 
than  approximately  2600  angstroms,  fewer 
types  of  sources  are  available.  Standardization 
of  sources  is  an  extremely  difficult  task,  as 
evidenced  by  the  results  obtained  by  the  vari- 
ous investigators  who  have  tried  to  do  so.  In 
the  visible  and  near  ultraviolet,  somewhat 
better  agreement  is  obtained  than  in  the 
vacuum  ultraviolet;  however,  the  truth  is  that 
there  is  no  such  thing  as  a standard  source. 


Most  sources  for  the  visible  and  near 
ultraviolet  are  continuous  in  time.  This  is  not 
always  the  case  for  vacuum  ultraviolet 
sources,  some  of  which  are  excited  by  con- 
densed discharges;  i.e.,  a capacitor  discharged 
periodically  and  producing  very  short,  intense 
flashes  of  radiation.  If  the  det<*aor  of  the 
instrument  to  be  calibrated  counts  photons, 
such  a pulsed  source  may  be  useless  if,  diuing 
the  radiation  flash,  the  number  of  photons  to 
be  counted  drives  the  counting  system  be- 
yond its  capacity.  Difficulties  also  arise  in 
using  photographic  detection  with  pulsed 
light  sources;  the  intermittency  effect  may 
make  it  difficult  to  obtain  H and  D curves  and 
to  calibrate  the  film.  Thus,  the  mode  of  ex- 
citation of  the  vacuum  ultraviolet  source  is 
important  to  consider  when  deciding  which 
source  to  use  for  calibration. 

Vacuum  Ultraviolet  Sources 

The  only  single  source  capable,  in  prin- 
ciple, of  covering  this  entire  spectral  range  is 
the  synchrotron,  which  provides  a highly 
polarized  continuum  that  peaks  in  the 
vacuum  ultraviolet  at  a wavelength  dependent 
on  the  instniment  parameters.  This  con- 
tinuum extends  into  the  visible  with  ever- 
decreasing  intensity.  The  most  attractive 
feature  of  this  type  of  bource  is  that  the 
spectral  energy  distribution  can  be  calculated; 
hence,  no  measurement  of  intensity  need  be 
made.  The  peak  intensity  of  the  National 
Bureau  of  Standards  (NBS)  machine  (ref.  1)  is 
approximately  5 x 10*  photons/sec/A  for  a 
wavelength  of  340  angstroms  and  an  electron 
energy  of  180  MeV  wdien  measured  2 meters 
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fi^nuthe  fln^^tl^ough  a slit  1 milli- 

n|4t<fwtoe'by  10  millimeters  high.  The  inten- 
sity fluctuates  20  to  30  percent  each  time 
electrons  are  injected  into  the  magnetic  Held, 
which  is  60  times  a second,  because  of  fluctu- 
ations in  the  number  of  electrons  captured  in 
stable  orbits. 

Special  instrumentation  problems  arise 
because  of  the  unique  radiation  pattern  of  the 
synchrotron.  Because  of  relativistic  effects, 
the  instantaneous  radiation  from  an  electron 
with  several  MeV  of  energy  is  confined  to  a 
narrow  cone  in  the  direction  of  motion; 
hence,  the  emerging  radiation  lies  in  a very 
thin  disc  that  is  in  the  plane  of  the  electron 
orbit.  Horizontal  and  vertical  perturbations  of 
the  electrons  in  their  orbits  determine  the  disc 
thickness.  Observations  must  be  made  tan- 
gentially to  the  orbit.  Madden,  Ederer,  and 
Codling  (ref.  2)  have  published  a discussion  of 
the  instrumental  problems  associated  with  the 
use  of  synchrctrcn  radiation. 

There  are  certain  disadvantages  to  this 
type  of  source.  First,  it  is  immobile;  any  in- 
strument to  be  calibrated  must  be  transported 
to  the  synchrotron  and  must  be  housed  in  a 
vacuum  system  connected  to  the  synchrotron 
for  extreme  ultraviolet  calibration.  Second, 
because  of  the  high  energy  electrons  periodi- 
cally colliding  with  the  w^ls,  there  is  a radia- 
tion hazard  to  experimenters  so  that  the 
expmment  must  be  dons  by  remote  control 
and  the  calibration  instrumentation  must 
operate  in  a radiation  background  that  is  not 
ne^gible. 

More  conventional  and  convenient 
sources  for  the  vacuum  ultraviolet  use  are 
electrical  discharges  in  gases,  which  can  pro- 
duce both  line  and  continuum  spectra.  Of  the 
many  types  of  sources  available,  only  those 
that,  in  the  author’s  opinion,  are  most  useful 
for  telescope  calibration  will  be  discussed. 

Figure  1 shows  the  Hopfleld  helium  con- 
tinuum, as  observed  by  Huninan  et  al  (ref.  3), 
which  extends  from  584  angstroms  to  approx- 
imately 1100  angstroms,  with  the  most  in- 
tense region  lying  between  700  and  900 
angstroms.  Althou^  the  helium  was  purified 
by  passing  it  through  charcoal  traps  cooled  to 
liquid  nitrogen  temperature,  some  impurity 


Figure  1.  Helium  continuum  using  thyratron  modu- 
lator. Conditons:  sodium  salicybte  photomultipUer 
detector  (EM  9514S)  at  1630  V;  0.5  A bandwidth 
using  100-ii  slits;  power  supply  at  116  mA  and 
10  kV;  5-kc  sec  pulse  repetition  frequency;  44-mm 
Hg  helium  pressure;  1.0-sec  time  constant  (Cour- 
tesy R.  £ Huffman  et  at). 


lines  were  present;  the  most  conspicuous  were 
those  of  neon  at  736  angstroms  and  744 
angstroms  and  hydrogen.  The  excitation 
conditions  for  this  trace  were;  44-millimeter 
mercury  pressure  of  helium,  condensed  dis- 
charge with  a 5-kilocycle  repetition  rate 
controlled  by  a thyratron  switch,  and  an 
average  discharge  current  of  1 16  milliamperes 
at  10  kilovolts.  A slit  width  of  100  microns 
was  used,  thus  giving  a bandpass  of  0.5  ang- 
strom Because  of  the  high  gas  pressure,  a 
differential  pumping  system  was  used  to  keep 
the  gas  out  of  the  monochromator. 

The  observations  have  not  been  co^ 
rected  for  the  spectral  response  of  the  grating 
and  detector;  hence,  the  shape  of  the 
continuum  will  probably  be  different  when 
different  instruments  are  used.  According  to 
Huffman  et  al,  the  shape  did  change  when 
different  gratings  v/ere  used;  however,  when 
thyratron  control  of  the  condensed  discharge 
was  used,  there  were  always  two  maxima:  one 
at  810  angstroms  and  a second  smaller 
maximum  at  approximately  670  angstroms. 
At  810  angstroms,  the  average  number  of 
photons  emerging  from  the  slit  was  about  2.5 
X 10’ /sec  or  a flux  of  5 x 10’  photons/ 
cm’ /sec. 
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The  radiation  pulse  begins  about  0.14 
7 microsecond  after  the  current  pulse  termi- 
nates,  reaches  a peak  at  about  1.4  micro- 
/'  seconds,  and  then  slowly  decays  with  a total 
duration  of  16  microseconds.  Thus,  during 
the  200  microseconds  between  flashes,  the 
radiation  exists  only  for  8 percent  of  that 
time  so  that  at  peak  intensity  the  photon  flux 
is  calculated  to  be  about  6 x 10*  °.  The  noise 
was  about  3 to  4 percent  of  the  mean  inten- 
sity at  all  usable  intensity  levels;  the  long-term 
drift  over  90  minutes  was  even  less. 

A Figure  2 shows  the  discharge  tube  in 

which  the  continuum  was  excited.  Except  for 
p the  graded  seals,  the  construction  is  of  quartz. 

After  about  125  hours  of  use,  it  is  necessary 
> to  clean  deposits  from  the  electrodes  mth  a 
'■  sodium  hydroxide  solution. 

A condensed  discharge  in  argon  is  iJso 
useful  in  this  region  and  produces  many  in- 
^ tense  lines  from  below  700  angsiiroms  to 
approximately  1 100  angstroms  (ref.  4). 


I Figure  2.  Light  source  used  to  obtain  the  helium 
f continuum. 

I Other  rare  gas  continua,  reported  by 

Tanaka  (refs.  5,  6,  7),  are  available  and  cover 
i the  wavelength  region  up  to  1800  angstroms. 
* The  best  results  have  been  obtained  using 
I argon,  krypton,  and  xenon;  the  continua  are 

! shown  in  figure  3 (ref.  8).  These  curves  are 

t the  measured  values  and  have  not  been  cor- 
- rected  for  the  spectral  response  of  the  grating 


Figure  3.  Rare  gas  continua  of  argon,  krypton  and 
xenon  obtained  with  radio-frequency  excitation. 


and  detector.  About  100  watts  of  radio- 
frequency (RF)  excitation  from  a Raytheon 
micro  therm  unit  was  used;  gas  pressures  were 
about  40  to  50  millimeters  mercury;  the 
lamps  were  sealed  and  had  lithium  fluoride 
windows.  It  is  possible  to  obtain  these  con- 
tinua  with  a free-flow  lamp  if  the  gas  is 
purified;  however,  economic  considerations 
make  it  undesirable  to  do  so  except  with 
argon. 

Figure  4 shows  a picture  of  some  lamps 
and  the  microwave  cavity  used  for  coupling. 
Ihe  large  bell-shaped  end  is  a ground  glass 
joint  by  means  of  which  the  lamp  is  mounted 
at  the  entrance  slit.  The  lamps  are  prepared 
by  evacuating,  baking,  and  backfilling  with 


Figure  4.  Light  sources  used  to  obtain  the  rare  gas 
continua  in  figure 
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purifled  gas  and  are  supplied  with  a barium 
getter  in  the  side  arm  to  aid  in  cleanup. 

Perhaps  the  best  known  source  for  the 
vacuum  ultraviolet  region  is  a DC  glow  dis- 
chaige  in  hydrogen.  Figure  5 (ref.  9)  shows 
the  spectrum  obtained  from  such  a source. 
From  approximately  850  to  1600  angstroms, 
the  spectrum  is  a seiies  of  bands  due  to 
molecular  hydrogen.  Because  of  the  sharpness 
of  these  bands,  the  name  “many- lined  spec- 
trum” is  often  used.  The  most  conspicuous 
feature  is  the  Lymen-alpha  line,  at  1216 
angstroms,  of  atomic  hydrogen.  Occasionally 
the  Lyman-beta  line  at  1026  angstroms  can 
be  seen,  but  often  its  intensity  is  about  the 
same  as  that  of  the  neighboring  bands;  and 
identification  is  difflcult.  A molecular 
continuum  extends  from  1 500  angstroms  well 
up  into  the  violet  end  of  the  visible  spectrum 
region. 

From  900  to  1600  angstroms,  the  in- 
tensity is  usually  enough  for  most  practical 


purposes  although  there  are  small  regions,  just 
above  1 300  angstroms  and  at  900  angstroms, 
where  it  is  low.  Even  less  energy  is  available  in 
the  continuum  although  commercial  spectro- 
photometers make  use  of  it  to  wavelengths  as 
long  as  4000  angstroms.  The  intensity  is 
pressure-sensitive  and  increases  as  the  pressure 
increases  but  not  equally  in  all  parts  of  the 
spectrum.  Therefore,  the  repeatability  from 
day  to  day  in  free-flow  sources  depends  on 
the  ability  to  reset  the  pressure  ±10  percent  in 
the  Naval  Research  Laboratory  (NRL)  instru- 
ments while  the  stability  depends  on  the 
constancy  of  the  pressure  and  discharge  cur- 
rent. Generally,  with  a well-regulated  power 
supply,  the  fluctuations  over  the  ].>enod  of  a 
few  hours  to  a day  are  usually  le.*s  than  5 
percent. 

Figure  6 (ref.  4)  shows  a drawing  of  the 
discharge  tube  used  to  produce  the  spectrum 
of  figure  5.  The  capillary  consists  of  a tube, 
1 0 centimeters  long  with  a 4-milIimeter  bore. 
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Figure  5.  Spectrum  of  hydrogen  obtained  with  DC  glow  discharge. 
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Figure  6.  Light  source  used  to  obtain  the  hydrogen 
spectrum  in  figure  5. 

and  a disc  inade  from  the  same  piece  of 
material.  Quartz,  alumina,  lava,  and  boron 
nitride  have  been  used.  In  the  case  of  quartz, 
the  tube  was  fuzed  into  a quartz  disc.  The 
purpose  in  this  particular  design  was  to  avoid 
water-cooling  of  the  capillary  because  it  was 
intended  to  be  used  with  a condensed  dis^ 
charge  as  well  as  with  a glow  discharge.  Under 
condensed  discharge  conditions,  the  capil- 
laries gradually  wear  away;  thus,  water-cooled 
capillaries  are  subject  to  breakage  tiiat  would 
flood  the  monochromator  with  water. 
Consequently,  the  ct. illary  is  uncooled 
except  by  the  gas.  Quartz  and  boron  nitride, 
however,  withstand  either  the  condensed  or 
glow  discharge  conditions,  and  the  other  two 
materials  are  quite  suitable  for  glow  dis- 
charges. 

In  summary  thus  far,  electrical  dis- 
charges in  gases  can  be  used  to  cover  the 
wavelength  range  from  700  to  4000  ang- 
stroms; i.e.,  from  700  to  900  angstroms,  the 
Hopfleld  helium  continuum  or  a condensed 
discharge  in  argon  are  used;  from  900  to  1600 
angstroms,  the  band  spectrum  of  hydrogen  or 
the  rare  gas  continua  of  argon,  krypton,  and 
xenon;  and  from  1 500  to  4000  angstroms,  the 
hydrogen  continuum. 

Near  Ultraviolet  and  Visible  Sources 

For  wavelengths  longer  than  approxi- 
mately 1850  angstroms,  which  is  the  air 
cutoff,  vacuum  systems  are  no  longer  needed 
to  house  the  test  instrument  and  measuring 


equipment;  this  simplifies  matters  somewhat. 
Sources  more  intense  and  stable  than  gas 
discharges  are  available.  Two  such  sources  will 
be  discussed:  the  tungsten-ribbon  lamp  and 
the  carbon  arc. 

Tungsten-ribbon  lamps  have  been  used 
for  years  as  secondary  radiance  standards 
when  calibrated  against  a blackbody.  DeVos 
(ref.lO)  has  reviewed  the  measurements  ob- 
tained up  to  1954.  More  recently  Larrabee 
(ref. II)  has  measured  the  emissivity  of  tung- 
sten at  different  temperatures  with  the  results 
shown  in  figure  7.  The  slightly  wavy  lines  are 
the  measurements;  the  other  lines  are  analyti- 
cal approximations.  Larrabee  estimates  the 
rms  error  of  the  experiment  at  0.002  “dimen- 
sionless emissivity  units.” 

Generally,  tungsten-ribbon  lamps  are 
stable  with  respect  to  long-period  drift  and 
have  very  small  short-period  fluctuations. 
There  is,  however,  a gradual  deterioration.  As 
the  tungsten  evaporates,  the  temperature  rises 
for  a constant  heating  current;  the  evaporated 
tungsten  coats  the  lamp  window,  thereby 
causing  its  transmittance  to  decrease.  As  a 
result,  the  lamps  must  be  recalibrated  periodi- 
cally. Recently,  tungsten  lamps  have  been 
made  with  quartz  envelopes  and  containing  a 
small  amount  of  iodine,  which  inhibits  the 
tungsten  evaporation. 

The  ability  to  standardize  this  type  of 
lamp  is  best  judged  from  figure  8,  taken  from 


F^re  7.  Spectral  emissivity  of  tungsten  (exper- 
imental results  and  anafytk  approximation). 
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Figure  8.  Emissivity  of  tungsten  at  200(f‘K,  values 
obtained  by  several  observers;  W.B.  Nottingham 
and  W E.  Mutter  fPhys.  Rev.  14,  1261  (1948)1; 
J.C  DeVos  [Physka20,  690  (1954)];  H.C. 
Hamaher  [Mtysica  3,  561  (1936)];  W.  E.  Forsythe 
and  E.  Q.  Adams  //.  Opt.  Soc.  Am.  35,  108 
(1945)]. 

Larrabee’s  paper,  which  shows  the  measured 
emissivity  values  obtained  by  a number  of 
workers.  From  just  under  4000  to  7500 
angstroms,  the  agreement  is  fair,  but  outside 
of  this  region  the  results  diverge. 

Better  agreement  occurs  on  measure- 
ments of  the  spectral  radiance  of  the  anode 
crater  of  the  carbon  ate.  Figure  9 shows  some 
unpublished  measurements  of  Packer  and 
Lock  made  at  NRL.  The  values  are  shown  by 
the  triangles  and  the  solid  line.  For  compari- 
son, the  measurements  of  McPherson  (ref.  1 2) 
are  indicated  by  circles,  and  those  of 
Krygsman  (ref.  13)  by  plus  signs.  The  dashed 


F^re  9.  Spectral  radiance  of  the  carbon  arc  itt  dr 
fiom  2200  to  5700  angstroms,  as  measured  by  D. 
in  Packer  and  C.  Lock. 


line  is  the  calculated  spectral  radiance  of  a 
3800“K  blackbody  and  shows  excellent  agree- 
ment with  the  measured  values  from  approxi- 
mately 2700  angstroms  to  the  longest 
wavelength  measured,  7500  angstroms,  which 
is  not  shown  in  flgure  5.  Grouped  around 
4000  angstroms  are  cyanogen  bands.  As 
shown,  they  are  rather  gross  features,  but 
'inder  higher  resolution  the  spacing  is  suffi- 
cient to  see  the  blackbody  background.  Below 
2700  angstroms,  the  arc-stream  contribution 
becomes  important  as  the  blackbody  radi- 
ation becomes  weaker.  Packer  and  Lock 
estimate  that  at  wavelengths  longer  than  2700 
angstroms,  the  arc-stream  contribution  is 
approximately  1 percent  Some  of  their 
measured  values  are  listed  in  table  I. 

Since  these  measurements  were  made. 
Null  and  Lozier  (ref.  14)  and  Hattenburg 
(ref.  15)  have  made  similar  measurements 
with  results  fairly  close  to  those  of  Packer  and 
Lock. 

Johnson  (ref.  16)  has  measured  the 
spectral  radiance  from  2500  to  1900  ang- 
stroms with  the  results  shown  in  figure  10.  By 
measuring  the  arc  stream  from  the  side  rather 
than  looldng  through  it  at  the  anode  crater, 
he  found  that  below  2100  angstroms  the 
radiation  was  only  that  of  the  arc  stream.  This 
is  reasonable  because,  at  this  wavelength,  the 


F^ure  10.  Spectral  radiance  of  the  carbon  arc  in  dr 
firm  1850  to  2550anptroms. 
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Table  1.  Measured  Spectral  RadiatKc  of  the  Carbon  blackbody  radiation  must  have  a very  low 

Arc*  intensity. 


Wavelength 

Radiance 

(tnilliwatts/cm*-100  A U-steradian) 

2200 

15 

250 

23 

300 

31 

350 

29 

400 

27 

450 

33 

500 

39 

550 

45 

600 

50 

650 

55 

700 

64 

800 

90 

900 

121 

3000 

153 

100 

199 

200 

248 

300 

308 

400 

380 

672 

607 

990 

907 

4091 

1170 

190 

1510 

290 

1190 

387 

1300 

487 

1420 

867 

1760 

983 

1870 

5469 

2320 

959 

26SO 

6445 

2930 

925 

3070 

7402 

3200 

*Conditioi»  of  operation: 
ll.0to  I1.S  amperes 
70  to  75  volts 

5/16"  positive  lampblack  electrode 
1/8 "negative  graphite  electrode 


Conclusions 

A number  of  sources  are  available  that 
can  furnish  radiation  fur  calibrating  instru- 
ments in  the  wavelength  region  700  to  7000 
angstroms.  The  synchrotron  is  useful  over  this 
entire  spectral  range  and  requires  no  standard- 
ization. Electrical  discharges  in  gases  can  be 
used  for  the  vacuum  ultraviolet  and  both 
tungsten-ribbon  lamps  and  the  carbon  arc  for 
the  near  ultraviolet,  visible,  and  near  infrared. 
Because  of  the  difficulty  in  standardizing 
these  sources  (especially  vacuum  ultraviolet 
sources),  frequent  calibration  against  a known 
source  will  be  required. 
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^ Absolute  Radiometry  in  Space  Astronomy 
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Introduction 

Although  it  is  perhaps  one  of  the  less 
glamorous  facets  of  space  astronomy,  there 
are  many  important  astrophysical  problems 
that  require  absolute  radiometric  and  spectro- 
mctric  intensity  measurements  in  the  spectral 
range  0. 1 micron  to  30  microns.  Even  in  the 
visible  and  nea^visible  range  available  to 
ground'based  observations,  uncertainties  in 
atmospheric  losses  and  variations  in  telescope 
transmission  limit  the  magnitude  of  secular 
variations  that  can  be  observed.  Precise 
absolute-intensity  measurements  of  astro- 
nomical objects  over  wide  spectral  ranges  are 
necessary  for  studying  stellar  atmosf^eres. 
Precision  radiometric  measurements  over  long 
time  intervals  will  provide  infomuition  about 
the  distribution  of  planetary  systems  among 
the  near  stars;  this  information  will  expedite 
the  planning  of  experimentation  for  inters 
stellar  spacecraft. 

It  therefore  appears  imperative  that  the 
post-OAO  space  astrophysics  experiments  on 
both  manned  and  unmanned  spacecraft  be 
more  precisely  calibrated,  induing  in-flight 
calibration.  The  purpose  of  this  paper  is  to 
review  the  [uresent  state-of-the-art  and  to 
point  out  the  areas  wh;xe  improved  standards 
and  techniques  are  needed. 

Absolute  Radiometric  Standards 

Most  of  this  discussion  is  based  upon  the 
basic  radiation  equation,  the  Planck  Black- 
body  Law 

eJ®  dX  « C,  X-»  dX  (1) 


and  its  corollaries,  the  Stefan  Boltzmann  Law 
Ef®  = Cj  T*  (*K)  = jT  Cx  (2) 

and  the  Wien  Displacement  Law 

woo  - o) 

Equation  1 describes  the  spectral  distribution 
from  a perfect  blackbody.  An  imperfect  radia- 
tor, a nmibUckbody,  emits  less  at  each  wave- 
length by  a factor  exf  which  is  called  the 
spc^ral  emisshrity 

e5J®  dX  = C,  X-*  ex(e^  -IT'  dX  (4) 

and  which  must  be  experimentally  evaluated 
at  each  wavelength. 

Equation  2 describes  the  total  enei^y 
emitted  by  a perfect  blackbody.  For  a non- 
blackbody,  the  total  energy  emitted  is 

E?*-/  ‘xES®"  <5> 

Equation  3 shows  how  the  wavelength  at 
wUch  maximum  emission  occurs  varies  with 
temperature.  It  demonstrates  that  all  prawtical 
radiometric  standards  have  the  mgjor  portion 
of  their  emission  in  the  infrared  r^on. 

From  the  above  rdationships,  it  is  dear 
that,  in  order  to  establish  a spectral  radiation 
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standaid/ it  ^ only  eifery  to  measure  the 
■^eftip^turet  ^nd  tAe  spectral  emissivity  at 
that  temperature  of  a stable  radiation  source 
or  to  compare  the  spectral  radiance  of  the 
source  to  a blackbcdy  throughout  the  spectral 
range  of  interest. 

The  spectral  emissivity,  of  an  opaque 
radiator  is  related  to  the  spectral  reflectivity, 
rj^,  of  the  radidtor  by  the  equation 


= 1 (6) 


This  important  relationship  makes  it  possible 
to  construct  a physical  blackbody  or  a black- 
body  cavity  in  which  the  observed  target  area 
is  surrounded  over  a large  fraction  of  the  total 
solid  angle  by  surfaces  which  are  at  the  same 
temperature  as  the  target  area  and  which  add 
by  reflection  the  radiation  deficiency  from 
the  target  itself,  according  to  equation  6. 

For  calibrating  far  infrared  optical 
systems  that  can  use  a target  at  a low  tempe^ 
ature  (i000°K  or  less),  the  simple  radiation 
source  shown  in  figure  I 'vill  provide  a perfect 
blackbody  cavity. 

When  higher  temperatures  are  required, 
refractory  materials  must  be  used  in  place  of 
highly  conductive  copper;  and  the  design  of  a 
blackbody  cavity  becomes  much  more  diffi- 
cult. In  fact,  the  design  is  so  difficult  that 
secondary  standards;  i.e.,  stable  nonblack- 


body  sources  that  have  been  calibrated  against 
a blackbody  standard,  are  almost  universally 
used.  More  specifically,  in  this  country  we 
depend  upon  the  National  Bureau  of  Stan- 
dards to  maintain  a primary,  high- 
temperature,  radiation  standard  and  to 
measure  the  spectral  radiance  of  the  various 
secondary  standards;  an  example  is  the 
tungsten-strip -filament  lamp,  which  we  use  to 
calibrate  absolutely  our  optical  instruments. 
This  first  step  away  from  the  primary  stan- 
dard introduces  a minimum  uncertainty  of 
approximately  2 percent  in  the  calibration 
procedure  in  the  ultraviolet  and  approxi- 
mately 1/2  percent  in  the  infrared. 

Calibrations  in  the  Visible  and  Near  Visible 
Range 

The  next  step  involves  the  use  of  auxil- 
iary lenses  or  mirrors  to  form  an  image  of  the 
filament  at  a focal  plane  of  the  flight  instru- 
ment or  to  form  a collimated  beam  at  the 
entrance  aperture  of  a flight  telescope.  Abe^ 
rations  and  transmission  variations  can  intro- 
duce very  large  errors  unless  extreme 
precautions  are  taken. 

A calibration  system  that  appears  to  be 
free  of  systematic  and  aberration  errors  is 
shown  in  figure  2.  We  have  used  this  system 
fo'  ( alibrating  our  rocket  packages  and  also 
for  t.ie  two  Mariner  ultraviolet  telescope  spec- 
trometer experiments  that  are  in  flight  to 
Mars.  The  technique  involves  projecting  a 


P-vre  1.  Low  tempmture  blackbody  cavity. 


Figure  2.  Standard  lamp,  projector,  and  diffusion 
screen. 
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large  image  of  a strip-fllamcnt  lamp  onto  a 
diffusing  screen  of  freshly  made  magnesium 
oxide  (MgO),  which  is  a true  Lambert  surface, 
with  a diffuse  reflectivity  (Rq)  in  excess  of 
0.98  throughout  the  near  infrared,  the  visible, 
and  the  near  ultraviolet.  The  radiance  of  the 
screen  is  given  by  the  relationship 

Bp  Ar 

®Scr- 

where  is  the  radiance  of  the  screen  in 
photon  per  cm^  /sec/ster 

Bp  is  the  radiance  of  the  filament 
(same  units) 

Aj^  is  the  area  of  the  lens 

^LS  is  the  screen  to  lens  distance 

Tj  is  the  lens  transmission 

Rd  is  the  diffuse  reflectivity  of  the 
screen 

Note  that  the  physical  dimensions  are 
easily  measurable  to  high  precision  and  that 
the  optical  factors  (Tl  = 0.93  for  a quartz 
lens  and  Rp  = 0.98)  are  close  to  unity  and  are 
highly  reliable  optical  quantities. 

Even  this  system  is  subject  to  subtle  ei^ 
rors.  When  the  lens  diaphragm  has  a diameter 
of  the  order  of  a millimeter,  dust  and  dirt  can 
mataially  decrease  the  value  of  Ap.  Long- 
term operation  of  the  standard  lamp  can 
produce  an  evaporated  tungsten  film  on  the 
lamp  window.  It  is  necessary  to  maintain  a 
reference  standard  lamp  that  is  used  only  peri- 
odically to  cross-check  the  working  standard. 
It  is  also  necessary  to  employ  a well-calibrated 
optical  pyrometer  to  check  periodically  that 
the  prescribed  lamp  current  is  providing  the 
proper  filament  temperature. 

We  determine  that  the  diffuse  reflectiv- 
ity of  the  screen  is  maximized  by  recoating 
with  fresh  MgO  smoke  after  a calibration  run 
and  then  repeating  the  calibration.  We  also 


check  the  spectral  quality  of  the  screen  with 
the  test  setup  shown  in  figure  3.  By  measuring 
the  relative  spectral  brightness  of  the  strip 
filament  directly  and  then  reversing  the  lamp 
and  lamp  mirror  and  putting  an  MgO  screen  at 
the  lamp  filament  image  (as  shown  in  figure  3 
by  the  dotted  lines),  we  can  prove  that  the 
MgO  screen  has  invariant  spectral  reflectivity. 
Figure  4 shows  the  result  of  tests  made  in  this 
way  on  the  screens  used  for  calibrating  the 
Mariner  instruments.  The  ratio  of  the  two 
readings  was  constant  from . 2700  to  3600 
angstroms,  in  which  range  MgO  screens  may 
fall  off  in  reflectivity  because  of  impurities, 
laboratory  dirt,  or  radiation  damage  to  the 
material. 

By  employing  the  above  precautions 
with  the  diffusion  screen  teclmique,  we 
believe  we  are  obtaining  absolute  calibrations 
that  are  accurate  in  absolute  terms  over  the 
calibrated  range  of  the  strip-filament  lamp  to 
within  3 or  4 percent. 


Figure  3.  Experimental  check  of  MgO  screen. 

RATIO 


Figure  4.  Relative  diffuse  reflectivity  of  MgO  screen 
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Far  Ultraviolet  Calibrations 

Below  2000  angstroms,  the  shortest 
wavelength  at  which  tungsten-strip-filament 
lamps  are  currently  calibrated,  no  radiation 
standard  exists.  It  becomes  necessary  to  cali- 
brate detectors  against  a standard  detector  for 
which  the  quantum  efficiency  is  close  to 
unity.  The  percentage  of  calibration  errors 
that  can  be  expected  with  this  procedure  in- 
crease by  at  least  an  order  of  magnitude. 

The  standard  procedure  upon  which 
most  calibrations  are  based  is  to  calibrate  a 
photocell,  a photomultiplier  tube,  or  a photo- 
ionization cell  against  a blackened  radiation 
thermopile  that  has  been  absolutely  calibrated 
by  measuring  its  response  to  the  total  radia- 
tion signal  (eq.  2)  fiom  a low-temperature 
blackbody,  such  as  that  shown  in  figure  1.  In 
addition  to  the  infrared  calibration,  it  is 
necessary  to  measure  the  specular  and  diffuse 
reflectivity  of  the  receiving  area  in  the  ultra- 
violet region,  to  measure  the  variation  of 
ultraviolet  sensitivity  across  the  surface  of  the 
receiver,  and  to  measure  the  loss  of  energy 
from  the  receiving  area  by  emission  of  photo- 
electrons. 

Fortunately,  as  a result  of  proper  design 
and  choice  of  blackening  materials  for  the 
receiving  area,  none  of  the  above  sources  of 
error  exceed  a few  percent.  The  necessary 
measurements  require,  however,  an  expertise 
that  is  not  broadly  available;  hence,  in 
practice,  experimenters  usually  assume  the 
value  of  82-percent  quantum  efficiency  at 
1216  angstroms  fora  flowing-gas,  nitric-oxide 
photoionization  chamber.  This  value  was 
determined  with  radiation  thermopile  tech- 
niques by  a number  of  investigators.  A sealed 
nitric-oxide  chamber  is  usually  compared 
periodically  with  a flowing  gas  cell,  and  a 
photomultiplier  tube  is  calibrated  at  1216 
angstroms  against  the  sealed  nitric-oxide  cell. 
Calibration  of  the  photomultiplier  tube  at 
other  wavelengths  is  accomplished  by  cali- 
brating a sodium-salicylate-coated  photo  tube 
against  the  nitric-oxide  cell.  This  is  based 
upon  the  assumption  that  the  fluorescent 
quantum  efficiency  of  sodium  salicylate  is 
constant  in  the  wavelength  range  from  300  to 


2500  angstroms  (an  assumption  that  many 
investigators  have  shown  to  be  valid  to  within 
20  percent).  This  standard  is  calibrated 
against  the  working  photomultiplier  tube  at 
all  wavelengths  of  interest.  By  now,  we  are 
about  five  stages  removed  from  a radiation 
standard;  hence,  some  of  the  experimental 
steps  are  fraught  with  experimental  diffi- 
culties. For  example,  the  minimum  detectable 
signal  with  a radiation  thermopile  is  about  the 
maximum  signal  for  which  the  final  detector 
is  to  be  calibrated;  likewise,  the  current  from 
a photomultiplier  tube  is  10*  to  10’  times 
the  current  from  a nitric-oxide  cell  for  the 
same  input  flux. 

Tlius  far  we  have  only  a calibrated  de- 
tector. Next  we  must  measure  the  optical 
transmission  of  a flight  instrument  in  two 
polarizations  and  over  the  spectral  range 
required  for  the  experiment,  or  we  must  use 
the  calibrated  detector  to  measure  the  flux 
incident  on  the  first  optical  element  of  the 
flight  instrument.  In  our  experiments  we  have 
used  both  techniques. 

Measuring  Optical  Transmission 

For  the  transmission  measurement,  we 
employ  two  identical  sets  of  flight  optics  in  a 
double-monochromator  vacuum  optical 
system,  which  has  identical  geometry  to  the 
mechanical  optical  system  of  the  fli^t  pack- 
age. The  first  plane  grating  is  slightly  under- 
filled. The  intensity  of  several  bright  lines  of  a 
stable-flowing-gas  discharge  tube  is  measured 
at  the  intermediate  slit  with  a reference  de- 
tector. The  detector  is  placed  at  the  exit  plane 
of  the  second  monochrt''mator,  for  which  no 
exit  slit  is  used.  The  ratio  of  the  line  bright- 
nesses provides  transmission  measurements 
that  typically  have  values  of  10  to  20  percent 
in  the  range  of  1 ISO  to  1800  angstroms.  The 
polarization  is  determined  by  rotating  the 
second  monochromator  through  90  degrees. 
Typically,  the  3600  g/mm  gratings  we  use  in 
this  spectral  region  show  less  than  3-percent 
polarization.  The  optical  elements  are  then 
mounted  in  the  fli^t  package;  the  calibrated 
detector  is  installed;  and  the  instrument  is 
declared  flight  ready. 
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Measuring  the  Flux  Incident 

The  technique  of  using  an  absolutely 
calibrated  detector  to  measure  the  flux  in- 
cident on  the  first  element  of  an  assembled 
flight  instrument  is  employed  in  the  Vacuum 
Optical  Bench  (VOB)  facility  at  Goddard 
Space  Flight  Center.  This  facility  was  con- 
structed specifically  for  the  OAO  program. 

We  have  used  this  facility  to  calibrate  the 
Mars  Mariner  VI  and  Mariner  VII  ultraviolet 
telescopo-spectrometer  systems  and  for  our 
rocketbome  astronomical  telescope.  In  the 
VOB  facility,  the  exit  hole  of  a far  ultraviolet 
monochromator  acts  as  a star  source.  A colli- 
mating system  provides  a parallel  beam  in- 
cident on  the  primary  telescope  mirror  of  the 
flight  instrument.  The  image  on  the  entrance 
slit  of  the  flight  spectrometer  is  smaller  than 
the  entrance  slit  and  can  be  scanned  over  the 
entire  slit  area  at  a scan  period  that  is  long 
when  compared  to  the  spectrometer  scan 
period.  Before  and  after  this  scanning  opera- 
don,  the  calibrated  detector  is  moved  over  the 
entire  area  of  the  beam,  which  is  intercepted 
by  the  primary  mirror  to  determine  the  aver- 
age incident  flux.  Errors  that  can  degrade  this 
measurement  are  scattered  light  in  the  pre- 
spectrometer and  polarization  in  the  optical 
elements.  These  possible  errors  must  be  eval- 
uated by  separate  tests. 

In  view  of  all  of  the  experimental 
hazards  associated  with  far  ultraviolet  calibra- 
tions of  the  type  already  described,  it  is  amaz- 
ing that  a valid  calibration  of  an  instrument 
can  be  accomplished  at  all.  It  would  appear, 
however,  that  an  absolute  accuracy  of  ±50 
percent  can  be  realized.  In  our  Mariner  cali- 
brations, we  extended  the  VOB  calibrations 
based  on  nitric-oxide-cell  standards  to  3900 
angstroms,  a 1200-angstrom-range  crossover 
of  the  MgO  screen  calibration  that  was  much 
more  reliable.  We  found  less  than  30-percent 
d^agreement  between  the  two  methods. 

The  use  of  synchrotron  radiation  as  a 
standard  of  spectr^  ladiance  in  the  far  ultra- 
violet rather  than  the  Planck  radiation  laws 
appears  to  offer  the  possibility  of  improved 
accuracy.  The  work  of  R.  P.  Madden  at  the 
National  Bureau  of  Standards  has  shown 
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experimentally  that  the  synchrotron-source 
spectral  radiance  follows  the  basic  theory. 

Conclusion 

The  future  requires  much  better  absolute 
accuracy  in  far  ultraviolet  measurements.  One 
necessary  step  will  be  improvements  in  the 
present  techniques  so  that  the  cumulative 
error  in  the  many-stepped  process  can  be 
minimized. 

The  use  of  barium  sulfate  (BaS04 ) as  a 
diffusion  screen  for  the  2000-to4000- 
angstrom  region  would  provide  a diffuse  re- 
flectivity much  closer  to  unity  (above  0.99) 
BaS04  is  less  sensitive  to  radiation  damage 
than  MgO. 

One  important  area  which  would  im- 
prove absolute  accuracy  would  be  to  extend 
the  calibrated  range  of  a strip-filament  lamp 
to  lower  wavelengths.  In  our  laboratory,  we 
have  been  able  to  measure  the  signal  from  a 
sapphire-vrindowed,  tungsten-strip-filament 
lamp  to  about  1700  angstroms.  Below  this 
wavelength,  the  filling  gas  appears  to  absorb. 
We  are  presently  experimenting  with  a 
carbon-strip-filament  lamp,  which  we  believe 
can  be  made  stable  at  high  temperatures 
(perhaps  3(X)0°K)  and  which  should  have  an 
emissivity  near  unity.  With  such  a lamp  and 
with  photomultiplier  tubes  employing  high 
work -function  photocathodes,  which  are 
insensitive  to  the  near  ultraviolet  and  visible 
region  and  which  have  dark  currents  of  less 
than  one  false  event  per  second,  there  appears 
to  be  a reasonable  chance  that  the  calibrated 
lamp  range  can  be  extended  as  far  as  1200 
angstroms. 

Another  desirable  improvement  would 
be  the  develooment  ot  sealed-gas  discharge 
tubes  with  long  term  stability  in  the  spectral 
radiance  of  their  continuum  and  line  emission 
features.  More  stable  window  materials  for 
such  tubes,  for  e.'c  ample  magnesium  fluoride 
(MgFj)  in  place  of  lithium  fluoride  (LiF),  are 
also  desirable.  Such  sources  would  be  invalu- 
able for  in-flight  calibration. 

We  believe  that  two  steps  should  be 
initiated:  (l)the  National  Bureau  of  Stan- 
dards should  increase  their  effort  in  this  area, 
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particularly  with  respect  to  extending  the 
lower  wavelength  limit  of  the  strip  filament 
lamp  and  developing  the  technique  of  using 
synchrotron  radiation  as  a standard  and  pro- 
viding absolutely  calibrated  photodiodes; 
(2)  one  of  the  NASA  centers  should  establish 
a standards  laboratory  for  the  purpose  of 
improving  the  techniques  and  providing  a 
facility  for  detector  calibration. 

Solar-blind  photodiodes  with  stable 
quantum  efficiency  might  prove  superior  to 


photoionization  cells  as  secondary  detector 
standards. 
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Optical  Research  Facilities 


William  R.  Pershing 
USA.F Avionics  Laboratory 


The  Optical  Science  Facility  of  the  U.S. 
Air  Force  Avionics  Laboratory  (Wright- 
Patterson  Air  Force  Base)  is  an  optical  labora- 
tory of  18,000  square  feet,  equipped  for 
precision  optical  measurements  This 
laboratory  provides  a capability  for  research 
and  for  the  development  of  techniques 
applicable  to  the  desi^,  fabrication,  and  eval- 
uation of  optical  components  and  op^ieal^ 
systems  ranging  in  size  up  to  100  inches  in 
diameter. 

The  facility  is  centered  around  a large, 
100-inch-diameter,  optical  collimator, 
including  the  necessary  instrumentation  and 
equipment  for  conducting  extensive  research 
investigation  and  analyses  of  large  diameter 
optics  and  optical  systems.  The  collimator 
diameter  must  be  equal  to  or  greater  than  the 
optics  being  evaluated  in  order  to  provide  full 
illumination  of  the  aperture  and  formation  of 
the  corresponding  target  image.  The  100-inch 
collimator  is  the  largest  of  its  kind  in  the 
United  States  and  provides  a capability 
hithertofore  nonexistent. 

Qualified  personnel  (including  advanced 
degree  students),  from  all  branches  of  the 
Defense  Department,  NASA,  industry,  and 
educational  institutions,  may  utilize  the 
facility  when  needed  in  connection  with 
programs  deemed  to  be  in  the  best  interest  of 
the  government. 

The  100-inch-diameter  collimator  is 
housed  in  a steel  vacuum  chamber  as  shown  in 
figure  1.  The  chamber  has  an  exterior 
diameter  of  14  feet,  is  ISO  feet  measured 
vertically  from  top  to  bottom,  and  is  bisected 
by  a horizontal  section  20  feet  in  diameter  by 
SO  feet  long.  The  entire  chamber,  weighing 
360  tons,  is  supported  by  a three-axis,  afa^ 


filled,  rubber,  isolation  mounting  system, 
designed  to  reduce  the  effects  of  mechanical 
vibration  and  seismic  shock,  which  can 
effectively  degrade  the  collimator  capability. 


■Flgurt  1.  The  1004nch  coUimator  vacuum  chamber. 


Temperature  around  the  collimator  is  con- 
trolled to  ±1/2"F.  To  avoid  the  degrading 
optical  effects  caused  by  air  currents,  it  is 
possible  to  evacuate  the  33,000-cubic-foot 
chamber  to  an  equivalent  atmospheric  alti- 
tude of  270,0(X)feet  (S  x l(f*  torr)  in 
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' *hh^«irs.  A mechanical  vacuum  puwP.^y®*®"' 

8 used.  A circular  door  20  <iia/neter 

• provides  access  to  the 

personnel  door  and  ;,dditional  ports  are 
located  at  various  operating  positions  on  the 
vacuum  chamb<«r.  An  Invar  tube,  ee  in 
diameter  sud  55  feet  long,  is  mounted  in^e 
lowe^  section  of  the  vacuum  chamber.  The 
primary  mirror,  in  its  mounting  cell,  is  sup- 
ported at  the  bottom  of  the  Invar  tube. 

The  primary  mirror  is  103  inches  ;n 
diameter  by  1 2 inches  thick  and  has  a ^cal 
1-ngth  of  601  inches.  Its  weight  is  af,  rxi- 
mately  7500  pounds.  Fabrication  vhe 

mirror  blank  required  10  months.  elve 

pieces  of  fused  silica  were  fused  together  to 
form  the  mirror  blank,  which  was,  at  the  time 
of  fabrication,  the  largest  piece  of  fused  silica 
ever  made.  The  grinding,  polisliing,  and  find 
finishing  of  the  primary  mirror  required 
22  months.  The  mirror  is  supported  in  its 
mounting  cell  by  an  arrangement  of 
bO  thermal  isolation  pads,  each  connected  to 
3 counterbalance  system  having  a 10  to  1 
ratio.  Near  the  top  of  the  Invar  tube,  an 
auxiliary  structure  bolted  to  the  tube  su^ 
ports  the  accessory  optics,  targets,  and  light 
source.  Two  locations  for  the  auxiliary  struc- 
ture provide  in  an  optional  alternate  arrange- 
ment either  a nominal  600-inch,  1 200-inch,  or 
2000-inch  focal  length  collimator. 

Ring  elevators  are  located  in  both  the 
upper  and  lower  vertical  sections  of  the 
vacuum  chamber,  thus  prodding  the  capa- 
bility to  transfer  the  collimator  assembly 
from  the  lower  to  the  upper  section  of  the 
vacuum  chamber.  In  the  upper  position,  the 
mirror  in  its  mount  would  be  inverted  at  the 
ton  of  the  Invar  tube  and  supported  by  the 
counterbalance  system.  Relocation  of  the 
accessory  optics-target-light-source  auxiliary 
package  would  provide  a capability  to  evalu- 
ate an  upward-looking  optical  sys  tem. 

It  is  not  anticipated  that  the  collimator 
will  be  utilized  in  the  upper  chamber  unless 
an  urgent  requirement  exists  to  determine  the 
effects  of  gravity  upon  an  optical  system. 
Some  measure  of  such  effects  could  be  evalu- 
ated from  successive  upward  and  downward 
positioning  of  the  optical  system. 


The  ring  elevators  can  be  positioned  at 
selected  levels  within  the  vacuum  chamber  to 
serve  as  working  flatforms  to  hold  instru- 
mentation and  the  personnel  making  various 
measurements. 

The  design  of  the  facility  will  allow 
expansion  the  collimator  to  a maximum 
dia--.aer  of  120  inches  by  replacing  the 
present  mirror  and  accessory  optics. 

A large  test  cart,  mounted  on  rails,  pro- 
vides .‘  upport  for  the  optical  device  to  be 
evaluated.  Precision  rails  allow  accurate  suc- 
cessive relocation  of  the  optics  over  the 
collimator.  Instrumentation  for  a remote 
.cad-out  capability  will  be  utilized  when 
opera' ion  in  the  vacuum  condition  is 
rc'Ji' 

Additional  facilities  supporting  the  large 
optics  area  include: 

1.  A bOinch-diameter  precision  rotary 
table  for  centering  optical  elements  and 
assembling  elements  into  an  optical  system. 

2.  A vacuum  coating  chamber  that  can 
deposit  various  types  of  coatings  on  optical 
surfaces  up  to  100  inches  in  diameter. 

3.  A future  planned  capability  will  be  a 
precision  aspheric  generating  and  polishing 
machine  that  will  handle  up  to  IDO-inch 
diameter  optics.  Provisions  are  included  for 
evaluation  of  the  surface  being  generated  or 
polished  by  supporting  a mirror  and  suitable 
instrumentation  over  the  machine  on  a supen 
structure  integral  with  the  vibration-isolated 
seismic  block  supporting  the  machine. 

For  programs  concerning  medium  size 
optics,  a large  David  Mann  optical  bench  and 
a collimator  with  a 30inch  aperture  and  r 
focal  length  of  20  feet  are  mounted  or.  a 
vibration-isolated  seismic  block.  A vertical 
test  camera  is  also  mounted  in  a position  to 
utilize  the  30-inch-diameter  collimator  on  a 
share  basis  with  the  optical  bencln 

Programs  for  smaller  optics  having  a 
maumiim  16-inch  diameter  and  foc^  length 
up  to  6 feet  (dependent  on  lens  quality)  can 
utiUze  two  14-foot-focal-length  coUimators 
with  16-inch  apertures.  One  is  a diffraction 
limited  collimator  with  a test  camera;  the 
second  collimator  is  mounted  with  both  an 
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Optical  bench  and  a test  camera  for  smaU 
optics  (up  to  8 inches  in  diameter). 

Measurement  of  distortion  on  mapping 
lenses  may  be  accomplished  with  a lens 
bench-mounted  on  a seismic  block  with  19 
small  collimators  presenting  a 1 20-degree  field 
of  targets,  which  can  be  recorded  through  the 
mapping  lens  on  a glass  plate.  Tlie  imaged 
position  of  the  targets  may  then  be  measured 
on  a comparator  to  determine  the  distortion 
in  the  lens. 

A precision  nodal  slide  bench  coupled 
with  a 1 68-inch- focal-length  cc-llimator  is 
instrumented  for  performing  image  analvsis  of 
lenses  by  employing  tb  transfer  function 
concept. 

The  Ulumination  characteristics  of  lenses 
can  be  measured  with  an  illumination 
analyzer,  which  utilizes  an  8-inch,  collimated, 
light  source  with  integrating  sphere  photo- 
multiplier. 


Optical  glass  blanks  to  24  inches  in 
diameter  may  be  measured  for  index  variation 
to  1 X KT*.  A white-light  interferometer  is 
used  for  measuring  physical  thickness,  which 
is  then  compared  to  optical  thickness  mea- 
sured by  a laser  interferometer. 

A well -equipped  darkroom  is  available 
for  processiiig  films  and  plates.  Other  major 
instruments  available  include:  Gaertner 
spectrometer,  Bausch  and  Lomb  recording 
spectrophotometer,  Mann  comparator,  and 
Zeiss  gauge  block  interferometer. 

Instrumentation  for  optical  surface  eval- 
uation, laser  light  sources,  and  assorted  equip- 
ment common  to  optics  laboratories  is  also 
located  in  the  facility.  A small  shop  is 
available  for  minor  repairs,  making  parts  for 
lens  mounts,  and  quick-fix  items  needed  in 
the  facility.  Larger  mechanical  Jobs  are  don' 
in  shops  nearby.  Personnel  using  the  optics 
facility  have  access  to  the  computer  facility 
located  on  the  base. 
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